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The focus of my PhD project consisted in the development of self-organized, large area, 
industrially scalable physical methods based on wrinkling instabilities to nanopattern and 
functionalize tunable plasmonic polymeric polydimetilsyloxane (PDMS) and solid-state glass 
surfaces, both transparent, non-toxic and cheap materials, for applications of significant 
technological interest in photonics and bio-sensing.  
This research topic can be located in the framework of the vast, emerging field of nanotechnology. 
When one of the dimensions of matter is restricted to the nanoscale (10-9 m), extraordinary 
properties, radically different from their bulk counterparts, may manifest under both the physical 
and chemical point of view. This is due to the increase in the ratio of surface-to-volume atoms and 
to electronic quantum confinement. Being able to control and tailor matter morphology at the 
nanoscale can thus lead to the study and engineering of the most diverse and striking properties 
and effects, which are of high interest in a multitude of scientific and technological 
interdisciplinary fields. A plethora of nano-research topics emerged in the past couple of decades, 
investigating a broad range of properties and applications, e.g. mechanic and tribologic [1,2], 
biologic and medical [3–5], magnetic [6,7], electric [8], optic and photonic [9–11]. 
Of primary relevance to my PhD research work is the field of plasmonics, which studies the 
interaction between electromagnetic radiation and metallic/semiconductive nanostructured 
systems [10–15]. Plasmonic materials enable the concentration and manipulation of electromagnetic 
fields well beyond the diffraction limit through resonant and coherent oscillations of free electrons. 
Plasmonic resonances enhance photonic absorption and scattering efficiency, allowing for the far 
field manipulation of electromagnetic wavefront propagation, a crucial property for the 
development of optical and photonic applications [16,17]. In addition, plasmonic excitation enables 
the near field concentration of electromagnetic energy into subwavelength nanoscopic volumes, 
greatly enhancing light-matter interaction. This property enables several applications, e.g. the 
enhancement of photonic absorption in thin film optoelectronic devices [18,19], refractive index 
sensing, subwavelength microscopy [11] and enhanced optical non-linear emission [20]. Moreover, 
the near field localization of electromagnetic energy can enhance by several orders of magnitude 
the weak signal of bio-molecules in different spectroscopic techniques [21], allowing for the 
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development of Surface Enhanced Raman Spectroscopy (SERS) [22], Surface Enhanced Infrared 
Absorption (SEIRA) [23] and Plasmon Enhanced Fluorescence (PEF) [24]. Plasmons can also decay 
non-radiatively, generating hot electrons which can be injected from the plasmonic material into a 
semiconductor through a Schottky barrier formed at their interface. This allows for the engineering 
of optoelectronic devices which can operate at sub-bandgap photon energies [25,26], a very 
promising property in particular for photocatalysis [27] since typical semiconductors with 
photocatalytic properties (e.g. TiO2) show high band gaps which cause most sun light to be lost. 
In nanotechnology in general, and in plasmonics in particular, sought-for peculiar properties and 
effects are intimately related to matter size and geometry [28].  A great deal of effort is constantly 
dedicated by the scientific community and high-tech companies to the development of 
nanofabrication techniques, which can be classified into two distinct families generally referred as 
(i) top-down and (ii) bottom-up fabrication methods. Top-down, lithographic techniques rely on 
the selective removal of matter to acquire strictly controlled morphological designs. A laser or a 
particle beam may be focused and maneuvered to directly remove matter from a surface (e.g. 
Focused Ion Beam - FIB, Laser nanolithography), or impress a resist (e.g. Electron Beam 
Lithography - EBL), with nanometric resolution in a serial production process. In this way masks 
can be produced, enabling parallel nanofabrication techniques such UV/X-ray and nanoimprint 
lithographies. Scanning probe techniques such as STM (Scanning Probe Microscopy) and AFM 
(Atomic Force Microscopy) have also been used to directly manipulate matter at the nanoscale. 
However, the fabrication costs of top down approaches are generally hefty, they are slow and 
limited to small areas (in the order of μm2). This limits their implementation mainly to prototyping 
and research laboratories. Another important purpose of nanotechnology, along with the 
investigation of extraordinary properties and effects, would be the huge economic and 
environmental gain made possible by extreme miniaturization. The development of cost effective, 
fast and large area nanofabrication techniques is thus a crucial, fundamental need for industry and 
real world applications. Under this point of view, great promise is shown by so called bottom-up, 
self-organized nanofabrication methods. In this case no geometrical order is imposed from above 
like in top-down methods. On the contrary, a given physiochemical system spontaneously reacts 
to an external macroscopically controlled stimulus with a self-organized modification of its 
morphology at the nanoscale. For example, a temperature controlled chemical reaction can change 
the nanoscale morphology of the involved chemical species (e.g. block co-polymers) creating 
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characteristic patterns [29]. Other examples of bottom-up nanofabrication methods are molecular 
beam epitaxy, physical and chemical vapor deposition, colloidal chemistry and, particularly 
relevant to my PhD thesis, ion beam sputtering [30,31] and nanoscale wrinkling of soft matter [32]. 
The great challenge with bottom-up approaches is refining the degree of control on the self-
organization process, which is highly dependent on the physio-chemical properties of the materials 
involved and the stimulus applied, to achieve a controlled and homogeneous tailoring of its 
nanoscale morphological features. The main advantages of bottom-up methods reside on cheap, 
fast, large area (in the order of cm2 or more) parallel processes, naturally suited to industrial 
scaling.  
The approach I followed to nanopattern PDMS samples is based on soft-matter buckling 
instabilities which lead to the formation of wrinkles on the surface when a stiff, harder layer 
compared to the bulk is formed on top of the material [32]. This is a very well know phenomenon 
also in the macroscopic world, which leads to the formation of isotropic wrinkles, e.g. in dry paint 
or desiccated fruit. It is indeed possible to induce tunable nanoscale wrinkles in plasma treated and 
ion bombarded PDMS surfaces [33,34], and to impose a uniaxial anisotropic morphology to the 
wrinkles by applying a pre-stretching to the samples [35]. This leads to the fabrication of quite 
ordered and monodisperse nanopatterned templates over cm2 areas. These uniaxial modulations 
are the ideal platform for the confinement of plasmonic nanowire (NW) arrays by grazing angle 
Au thermal deposition. The NW transverse Localized Surface Plasmon Resonances (LSPR) of 
dipolar and multipolar character can be widely and easily tuned from the visible to the infrared 
range, from 600 to 1200 nm, by playing with the width and height (aspect ratio) of the NW. This 
makes these samples ideal candidates for SERS bio-sensing, where it’s desirable to use less 
energetic pump lasers to match the surface plasmonic resonance, in order to avoid molecules 
damage and fluorescence background.  
To nanostructure glass surfaces I employed an approach based on Ion Beam Sputtering (IBS). It is 
known that the irradiation of crystalline and amorphous metallic and dielectric surfaces by 
defocused low energy ion beams may lead to the formation of large area uniaxial rippled 
morphologies [30,31]. Normally, however, these modulations show very low vertical dynamic (few 
nm) and aspect ratio (in the order of 0.1 - defined as height divided by width of the ripples), making 
the controlled confinement of plasmonic structures a challenging task. Recently, in the laboratory 
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which hosted me, a variant of the IBS nanopatterning technique has been developed, in which a 
glass sample is kept at high temperatures during ion irradiation [36]. Surprisingly under these 
conditions the glass substrate develops a buckling instability which is commonly associated with 
soft matter, greatly enhancing the vertical dynamic (in the range of 100 nm), aspect ratio (now in 
the order of 1) and long range order of soda-lime uniaxial rippled templates. Moreover, the glass 
ripples show an asymmetric faceted profile and very well defined slopes. I exploited such enhanced 
large area nanopatterned IBS glass substrates as self-organized templates to implement four 
radically different plasmonic functionalizations:  
(a) Au NW arrays can be confined on the glass uniaxial modulations by grazing angle thermal 
deposition, in analogy with the PDMS experiments previously described. Engineering of the NW 
LSP resonance this time is limited to the visible range due to the narrower morphologic tunability 
of the IBS glass templates compared to the PDMS case. However, due to the stronger thermal 
stability of the solid state soda-lime glass, it’s possible to grow a dielectric SiOx layer by Radio 
Frequency Sputtering and then another Au layer over the original NW matrix, creating self-
organized anisotropic metal-insulator-metal (MIM) structures in the so-called gap plasmon 
configuration [37]. To my knowledge this is the first demonstration of fully self-organized, large 
area nanostructures of this kind. These MIM “nanosandwiches” show two hybrid plasmonic 
modes, a higher energy electric mode and a lower energy magnetic mode, the latter showing 
exceptional near field enhancement factors for both the electric and magnetic component of 
incident radiation. The magnetic mode is tunable in the near-infrared (NIR) range of the spectrum 
making the nanosandwiches again excellent candidates for large area SERS bio-sensing 
applications.  
(b) I exploited the unique rippled morphology of the glass template to confine an array of Au NW 
on one side of the ripples profile and an array of Ag NW on the other, with a dielectric SiOx gap 
layer separating them. In this way I achieved an interdigitated array composed of alternating of 
Ag/Au nanowires with uniaxial orientation over the whole sample area (cm2). Due to the spectral 
detuning of the transverse LSPR of Au and Ag arrays, and to their alternating tilt, upon normal 
incidence illumination with a polychromatic spectrum a certain band of frequencies of an incoming 
polychromatic wavefront will be scattered to the left side of the sample while another band of 
frequencies will be scattered to the right [38]. This spatial separation of wavelengths is called color 
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routing, a property of fundamental importance for a broad range of photonic applications. 
Normally this effect is achieved through the complex engineering of the near field interference of 
optical modes of single or multi-element optical antennas [16,39], and this typically requires the use 
of high cost top-down fabrication methods to be achieved. The innovative approach I explored 
offers instead an easily tunable, bottom-up, large area approach to flat-optics color routing, based 
on the unique opportunity to build cross-tilted antenna arrays supported on the faceted glass 
templates.  
(c) By reducing the ion dose during the IBS induced buckling of soda-lime glass substrates and by 
tailoring the ion beam illumination geometry it’s possible to create templates characterized by 
particularly short uniaxial ripples. On these templates it’s thus possible to confine Au antennas 
with reduced length below 1 μm which show a transverse LSPR in the visible range and a 
longitudinal LSPR mode in the IR range [40]. We exploited the longitudinal IR resonance to 
enhance the infrared absorption signal of octadecanethiol (ODT) monolayers in SEIRA 
measurements. These samples showed a remarkable SEIRA signal, comparable or better than that 
of lithographic nanoantennas, and signal homogeneity extended over their whole macroscopic 
area, a crucial feature in the constant search for effective and reproducible large area SEIRA 
platforms.  
(d) A continuous thin nanometric film of Au is grown on the surface of the hot IBS glass 
nanopattern. The slanted grating properties of the asymmetric nanorippled surface enables the 
unidirectional excitation of a tunable, counter-propagating Surface Plasmon Polariton (SPP) when 
the sample is illuminated with polychromatic radiation in the visible and NIR range, both under 
normal incidence as well as under tilted conditions. The sample has been tested in SERS 
experiments with methylene blue molecules, showing remarkable gains in the order of 103, for 
both 638 nm and 785 nm pump lasers [41]. Normally, tunable SPP are excited over dielectric/metal 
interfaces by complex experimental geometries (e.g. Kretschmann and Otto configurations) or 
lithographic made gratings. I investigated the remarkable opportunity to achieve tunable SPP 
excitation, interesting for a broad range of applications, at the interface metal/dielectric interface 
of Au thin films grown on our self-organized, large area, sub-wavelength asymmetric soda-lime 
gratings. 
The thesis is organized as follows:  
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Chapter 1 will concisely outline the basic theoretical background supporting my experimental 
work. The first section of the chapter will describe the theory behind the self-organized, large area, 
wrinkling based nanopatterning techniques I employed to fabricate nanorippled PDMS and soda-
lime glass surfaces for plasmonic functionalization. The second section of the chapter will present 
the theoretical basics about localized surface plasmons and propagating surface plasmon 
polaritons, with an emphasis on the effects having the most relevant technological implications 
and stronger correlation with the different plasmonic functionalities at core of the following thesis 
experimental chapters.  
Chapter 2 will describe the self-organized, large area nano-wrinkling of PDMS surfaces by air 
plasma treated pre-stretched samples. The morphological analysis and the optical characterization 
of the tunable plasmonic properties of the Au NWs grown on top of the uniaxial nanorippled 
PDMS modulations are presented. The mechanical characterization of the Au/PDMS nanowire 
arrays against tensile strain will be also investigated. 
Chapter 3 will illustrate the fabrication of MIM (metal-insulator-metal) plasmonic 
“nanosandwiches” on top of the wrinkling-enhanced IBS soda-lime glass templates, by a natural 
lithography method. The nanosandwiches and rippled glass template morphology are investigated 
by means of atomic force microscopy and scanning electron microscopy. The chapter will then 
describe the tunable plasmonic and field enhancement properties of the hybrid plasmonic modes 
that the dimers can sustain, in the so called gap-plasmon configuration.  
Chapter 4 will describe bimetallic antenna arrays grown on top of the IBS nanorippled glass 
surfaces. This chapter will introduce a novel approach to color routing, that is the wavelength 
selective directional scattering of an incoming electromagnetic field, by the development of unique 
self-organized fabrication technique. The optical scattering properties and directivity of the 
bimetallic antennas arrays are investigated along with the morphological features of the large-area, 
self-organized, passive plasmonic color router. 
Chapter 5 will introduce a modified wrinkling enhanced IBS process compared to the other 
chapters, which allows to guide the growth of shorter Au nanowires supporting two localized 
plasmonic modes; a transversal mode in the visible range and a longitudinal mode in the infrared 
range. The optical characterization of these plasmonic modes is presented along with the 
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morphological analysis of the nanostructured glass template and short Au antennas. The chapter 
will also discuss striking results obtained in SEIRA measurements of octadecanethiol monolayers 
grown on the samples. 
Chapter 6 will discuss how the IBS rippled soda-lime glass templates can operate as large area, 
subwavelength, quasi-1D blazed gratings for the unidirectional excitation of propagating Surface 
Plasmon Polaritons, when a thin metallic film is grown on top of them. The optical characterization 
of the samples demonstrating the SPP attribution is presented and discussed along with the 
comparison of experimental data with a simple theoretical model. 
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CHAPTER 1  
Wrinkling assisted nanofabrication and plasmonics fundamentals 
This chapter will concisely describe the basic theoretical background supporting the experimental 
work of my thesis. As already mentioned in the Introduction, one of the main focus of my PhD 
program is the nanofabrication of plasmonic surfaces following bottom-up, self-organized, large 
area methods. I focused my work on the nanopatterning of rigid, inorganic soda-lime glass and 
flexible, organic polydimetilsiloxane (PDMS) surfaces for plasmonic functionalization. Both 
PDMS and soda-lime glass are materials owning crucial features for several applications such as 
transparency, non-toxicity and low cost.  
The first section of this chapter will describe the theory behind the nanofabrication techniques I 
employed to fabricate PDMS and soda-lime surfaces ideal for plasmonic confinement. I will start 
by briefly recalling a simple model describing the formation of wrinkling instabilities. I will show 
how this very common, and typically undesired, phoenomenon in the macroscopic world can 
indeed be exploited for the bottom-up, large area micro- and nano- patterning of PDMS surfaces 
and soft matter in general. I will then proceed by describing the most authoritative model on the 
nanopattering of amorphous surfaces by Ion Beam Sputtering (IBS). It will be shown how the 
wrinkling instabilities typically associated with soft organic matter can improve the IBS method 
to fabricate enhanced, beyond the IBS state of the art, inorganic soda-lime glass nanorippled 
templates. I thoroughly exploited these exceptional templates, developed by the lab which hosted 
me, for plasmonic confinement throughout my PhD work.  
The second section of the chapter will present the theoretical basics required for the description of 
localized surface plasmons and propagating surface plasmon polaritons, with an emphasis on the 
effects which are exploited in the most relevant technological applications, and on the phenomena 
which are more strongly correlated with the different plasmonic functionalities at the core of the 
thesis experimental chapters. 
1.1 – Wrinkling: from the macro to the nanoscale 
Wrinkled organic surfaces are very common in the macroscopic world. Some of the most obvious 
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examples are wrinkles found on the surface of dry fruits, plastic sheets and, unfortunately, aging 
human skin. Macroscopic wrinkling is normally associated with mechanical failures or other 
undesired degradation processes. However, at the micro- and nano-scale, wrinkled surfaces offer 
outstanding functionalization opportunities, of high interest for a huge number of research and 
technological fields from photonics, to super-hydrophobic surfaces, electronics, and biology [1,2].  
A great deal of effort is thus dedicated by the scientific community to develop methods capable of 
controllably tailoring wrinkles size and morphology both at the micro- and nano-scale level. All 
wrinkling processes share the same fundamental mechanisms: the presence of a thin, harder, 
compressively stressed layer on top of a softer, compliant bulk substrate. Wrinkling is commonly 
associated with soft organic matter, as it’s very uncommon to find such elastic mismatches in 
inorganic solid state materials. However, the first serious studies about wrinkling instabilities 
emerged in the aerospace field. During WWII allied forces conceived the first airplane supported 
by wings with a “sandwich” design, that is, wings made up by an inner core of softer and lighter 
balsa wood covered by a more robust plywood external layer (Havilland ‘‘Mosquito’’aircraft) [1]. 
Since then the “sandwich” design of wings became a technology standard leading to the 
development of composite layered materials: wrinkling instabilities constitute a very delicate weak 
point of this technology, thus the need to carefully evaluate them and to develop important studies.  
In the past decades a simple continuum model has been used to describe wrinkling instabilities 
over a skin layer resting on top of an elastic, compilant foundation [1–3]. Let’s consider a surface 
skin layer having width w and thickness h, strongly bounded to a semi-infinite elastic foundation 
(Fig. 1). 
 
Figure 1 – Sketch of a compressively stressed skin layer on a compilant elastic foundation for a 
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a) relaxed and b) wrinkled system. 
If shear stress between skin and bulk is negligible the compressive force in the skin layer is: 
 













]     (1) 
Where Ef and Es are the Young moduli of the foundation and skin respectively, vf and vs are their 
Poisson ratios and λ is the wavelength of the sinusoidal profile that the skin layer shows along the 
direction of the compressive force acting on the elastic bulk. When F exceeds the critical value FC 
wrinkling instabilities occur. The wrinkles wavelength, obtained imposing (
dF
dλ
 ) = 0, is: 







     (2) 
The wavelength of the wrinkles thus depends on the thickness of the skin layer and on the 
mechanical properties of both skin and foundation, while it is independent from the applied 
stress/strain. The wrinkle period is thus very small for small h and Es/EF and can be shrinked 
down to few nm, while it increases steeply with h and Es/EF up to macroscopic scale values. For 




− 1       (3) 
Where: 







     (4) 
εc is the crital strain which activates the buckling instability. The amplitude A of the wrinkles thus 
indeed depends both on the mechanical properties of the materials and on the externally applied 
strain parallel the skin and bulk interface, expressed as the relative deformation εstrain. This model 
is actually in good agreement with experiments only for very small εstrain in the order of 5% or 
less. For greater deformations the wrinkles wavelength λc becomes proportional on the applied 
prestrain εstrain [
4]. The model can of course become much more complex in the case of different 
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geometries, beyond the planar thin film case, and for anisotropic materials and strains. 
Of particular interest to this thesis is the micro- and nano- wrinkling of polydimethylsiloxane 
(PDMS), a low cost, transparent, non-toxic, hydrophobic material with captures the interest of a 
plethora of nanotechnology fields. Isotropic, brain-like nanowrinkling can be achieved on PDMS 
by irradiating its surface with ion plasmas [5]. The ion bombardment modifies the surface due to 
the cleavage of Si−CH3 groups and the formation of a denser and harder SiOX-rich, glass-like, 
skin layer [6,7]. This provides both the stiffness mismatch between skin and bulk, and the thin 
enough hardened skin layer required to activate nanoscale buckling instabilities. By introducing a 
uniaxial prestrain during the ion bombardment of the PDMS surface it’s possible to accurately 
tune the height and wavelenght of the wrinkles and, even more importantly, to impose an 
anisotropic uniaxial wrinkle morphology over macroscopic areas [8]. During my PhD work I 
followed this approach to create anisoptropic nanowrinkled PDMS templates, which are the ideal 
candidates for the confinement of self organized, large area plasmonic nanowire arrays, endowed 
with remarkable range order and IR optical properties [9]. The work on this topic is presented in 
chapter 2 of this thesis. 
 
1.2 Ion Beam Sputtering of amorphous surfaces 
Ion Beam Sputtering (IBS) is a self-organized, bottom-up technique which enables large area 
anisotropic nanopatterning of surfaces by a defocused ion beam. The processes of erosion, 
diffusion and redeposition can induce the formation, in a few minutes, of nanoripples on a 
macroscopic surface area illuminated by the ion beam. These nanorippled morphologies recall the 
ones formed by wind over sand or clouds. The ripples morphology and size strongly depend on 
variables such as ion dose, angle of incidence of the ion beam, temperature, ion energy and surface 
chemical composition and structure (amorphous, crystalline, poly-crystalline) [10–12]. In view of 
technological developments arising from my work, I stress that ion sources employed in my lab 
covered uniformly a diameter of few cm, while already available commercial ion sources can 
illuminate spots extending well over 0.5 m, thus making realistic the upscaling of the results in 
real world applications. 
Over the course of my PhD thesis I employed IBS to nanopattern amorphous, soda-lime glass 
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substrates. The first part of this chapter will be dedicated to the Bradley-Harper model, a theoretical 
classic describing the IBS of amorphous surfaces [13]. Then we will proceed showing some recent 
results obtained in the lab which hosted me, exploring the role of temperature in the IBS of soda-
lime glass. It has been found that wrinkling instabilities, commonly associated with soft matter as 
already mentioned in the previous section of this chapter, can enhance the ripples vertical dynamic 
of IBS nanopatterned rigid soda-lime glasses at high temperatures, a counter-intuitive concept 
which defies conventional thermodynamic interpretation [14]. During my PhD thesis I extensively 
exploited this novel wrinkling-assisted IBS technique to produce nanostrucured templates for 
different plasmonic functionalizations presented in the next chapters of this thesis. 
1.2.1 – Bradley-Harper model for the IBS of amorphous surfaces 
The effects of ion bombardment are strongly dependent of the bonds between the surface atoms. 
Models describing the process are thus different in the case of amorphous, crystalline and poly-
crystalline materials. In this chapter the model proposed in 1988 by Bradley and Harper regading 
the IBS of amorphous surfaces will be described [13]. 
 
Figure 2 – Sketch of the different events produced by ions impact on the surface. 
Upon impact, ions transfer their energy to surface atoms through direct and secondary collisions. 
A little fraction of the atoms involved in the collision will leave the surface and their number per 
incident ion is defined as sputtering yield, Y. A larger amount of atoms gets closer to the surface, 
these atoms acquire mobility but they don’t get expelled. Their number per incident ion is called 
adatom yield. This quantity depends on the erosion rate and thus on the dissipated power at each 
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surface coordinate. In the low ion energy limit it is assumed that an ion impacting on the surface 










2β2      (5) 
Where a is the average penetration depth of the ions,  and  are the longitudinal and lateral 
dimensions, respectively, where the energy ε is dissipated. For simplicity a 1+1 dimensional 
system is considered (Fig. 3); the direction of the incoming ions lies on the plane formed by the h 
and y axes, at an angle θ with respect to the h axis, normal to the surface. The angle φ is formed 
between the incoming ions direction and the local normal to the surface, which is assumed to show 
a local curvature radius Rx, positive for convex surfaces and negative for concave ones. 
 
Figure 3 – Sketch of the curved surface and of the coordinates system in the 1+1 dimensional 
model. 




      (6) 
Where J is the incoming ion flux and n is the atomic density of the amorphous material. In the 
limit Rx >> a the modulations of the height profile h(x, y) evolve slowly with respect to the 
penetration depth of the incoming ions. The erosion rate can be approximated to the first order: 
v(Rx, Ry, φ) =
J
n






]    (7) 
Y0(φ) is the sputtering yield of a flat surface (Rx = ∞). The factors Γi account for the local 
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 in Eq. 7 are positive for crests and negative in valleys. The erosion rate 
and the sputtering yield are thus maximum in the valleys, in agreement with experimental 
evidence. It is however necessary to account for the diffusion of adatoms and vacancies which 
opposes to erosion, trying to minimize free energy by flattening the surface. The diffusion 




kT        (9) 
The Bradley-Harper model, accounting for both erosive and diffusive processes, allows to describe 














− K∇2(∇2h) + η(x, y, t)  (10) 
In this differential equation v0(θ) =
J
n
Y0(θ) cos θ quantifies the erosion rate of a flat surface, θ is 
the fixed angle formed between the incident ions direction and the surface normal and vi(θ) =
Ja
n
Y0(θ)Γi quantifies the contibution by the local surface curvature. The coefficient K depends 
upon the free energy per unit area γ, the atoms per unit area which diffuse through the surface and 




       (11) 
η is a Gaussian white noise funtion which accounts for the stocastical distribution of ion impacts. 
The competition between erosive and diffusive terms in Eq. 10 leads to the formation of ripples 
on the amorphous surface. The model predicts the ripples wavevector to be parallel with respect 
to the ion direction under the critical angle θc, and a perpedicular wavector for grazing angles 
larger than θc. These conclusion are in agreement with a large set of experimental data. Moreover, 
the model predicts the wavelength of the ripples: 
 λi=2π√2K/|vi|      (12) 
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Where i is the direction in which the relative vi is the highest. The model also predicts and an 
exponential increase of the ripples height with time. The Bradley-Harper model shows a good 
agreement with experiments as long as they are performed at low ion doses. For high ion doses the 
ripples height gets close the ripples width; the low amplitude approximation on which the model 
is based doesn’t hold anymore. In this case the increase in high is much more intense than the 
model’s predictions, and also the ripples width increases in time while it’s supposed to be constant 
in the model [15]. For ion near normal incidence angles a random orientation of mounds should in 
principle be observed while in practice one predominantly observes the occurrence of ion induced 
smoothing due to ballistic effects (downward momentum transfer from the ions to the surface 
atoms), which is neglected in the simplest form of the BH equation. Many evolutions of the 
Bradley-Harper theory have been proposed in the past decade, adding new terms in Eq. 10 to 
account for experimental deviations from the model predictions [16]. In particular, the compressive 
stress on the surface caused by high ion doses is quite relevant, and causes the ripples heigh growth 
rate to increase [17,18]. 
 
1.2.3 – Wrinkling-assisted hot Ion Beam Sputtering of soda-lime glass 
 
IBS of amorphous surfaces at room temperature leads to the development of low ripples (in the 
order of 1-10 nm) and quite disordered patterns [11]. This low aspect ratio (in the order of 0.1, 
defined as ripples heigh divided by their width) ripples are not the ideal cadidates for the 
confinement of well tailored plasmonic structures. Over the last years, in the lab which hosted me, 
an IBS based process has been developed to produce enhanced nanopatterned soda-lime glass 
surfaces, in the regime of incident ion angles lower than θc. One of the most striking results is the 
observation that fixing the soda-lime glass temperature near it’s glass transition threshold during 
the IBS process leads to an enhanced ripples vertical dynamic (higher by an order of magnitude, 
increasing their aspect ratio to about 1), to a higher degree of long range morphological order and 
to an overall faster nanopatterning process. This is a counter-intuitive result, as one would expect 
that increasing the temperature would lead to the flattening of the surface, not to higher roughness. 
It’s been found that this phenomenon is compatible with temperature activated wrinkling 
instabilities, that enhance the IBS nanopatterning of glass with a mechanism typically associated 
to soft matter. Moreover, the nanoripples show well defined facets, with selected slopes, opening 
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unique functionalization opportunities [14]. These cheap and transparent templates endowed with 
high aspect ratio anisotropic nanoripples are excellent candidates for well controlled plasmonic 
functionalization. In the following chapter I will show and comment the most relevant features of 
these glass nanorippled templates which I routinely fabricated to support most of the plasmonic 
functionalizations I will present in the following chapters of the thesis.  
Effect of temperature and ion dose 
AFM topographies of Fig. 4a, b, d refer to different IBS experiments performed on soda-lime glass, 
where all the parameters were fixed except for temperature. The ion energy (Ar+) is 800 ev, the 
incident ion beam angle with respect to the sample surface is 35° and the ion fluency was set at 
1019 ions/cm2 (corresponding to an hour long experiment). It can be clearly seen how the ripples 
elongation and degree of lateral coordination increase with temperature, reaching a maximum for 
the 880 K sample (Fig. 4d). The wavelenght λ and RMS roughness of the structures w 
monotonically increase with temperature to reach a remarkable maximum around 790 K, and then 
they start to decrease (Fig. 4c). 
  
Figure 4 – a, b, d) AFM topographies of IBS nanorippled soda-lime glass at T=520 K, T= 680 K 
and T=880 K, respectively, for sputtering time t=3600 s and angle of incedence of the ion beam 
θ=35 °. c) RMS roughness w (red triangles) and wavelength λ (blue dots) of the rippled patterns 
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as a function of the sample temperature. 
 
For temperatures under 600 K we get very low ripples with typical wavelenght λ=140 nm and 
RMS roughness w=3 nm; typical values of room temperature state of the art experiments. Heating 
the substrate over 600 K, keeping all the other conditions fixed, leads to the amplification of the 
vertical dynamic of the ripples of more than an order of magnitude as can be clearly seen by the 
comparison of the AFM topographies of the 520 K (Fig. 4a) and 680 K (Fig. 4b) samples, with 
ripples aspect ratio approaching unity. This suggest that raising temperature activates additional 
instabilities which enhance the IBS nanopatterning process, instead of leading to the flattening of 
the surface as prevailing thermodynamical arguments would suggest. To investigate the issue 
experiments as a function of the ion dose at the fixed temperature of 680 K have been performed. 
In figure Fig. 5a and Fig. 5b the ripples wavelenght λ and RMS roughness w are respectively 
plotted for experiments performed as a function of time at 680 K (red triangles) and at 520 K (blue 
dot).  
 
Figure 5 – a) RMS roughness w and b) wavelength λ of the ripple patterns plotted as a function of 
sputtering time. 
 
The first thing to underline is that at high T a RMS roughness comparable to the low T case is 
reached about an order of magnitude faster. Considering the same sputtering time t=3600s, in the 
high T case the RMS roughness is about an order of magnitude higher compared to the low T case. 
For the high T case when the sputtering time increases from 65 s to 207 s, w increaes by more than 
an order of magnitude from 0.5 to 7.7 nm. The RMS roughness then evolves following the 
exponential relation w(t) = w0  t




(orange line in Fig. 5a). In the same time interval, the ripples wavelength λ remains essentially 
constant at λ=70±20 nm after the initial pattern formation. This behaviour is in agreement with the 
Bradley-Harper model in the limit of small vertical amplitudes. After t=200 s the trend starts to 
follow a power law for both w  and λ of the form w(t) = w0  t
 and λ(t) = w0  t
γ, with 
=0.6±0.1 and γ=0.57±0.2. The small amplitude approximation doesn’t hold anymore and 
additional non linear terms start to influence the process. As  and γ are compatible within error 
this means the aspect ratio of the ripples is essentially preserved in the non-linear regime, as 
sputtering time increases. Also, these coefficients show a value which is almost doubled compared 
to room temperature experiments [15]. 
Solid state wrinkling effects unveiled  
These experiments showed how the morphology enhancement due to high temperature is caused 
mainly in the early stages of the IBS experiment, when the RMS roughness grows exponentially 
with time. This observation is compatible with the activation of wrinkling instabilities as an 
additional patterning mechanism acting in synergy with ion bombardment. As I commented 
extensively in section 1.1, wrinkling instabilities typically manifest in soft matter when a 
compressively stressed surface layer is formed on top of a compilant substrate. It is known that 
Ar+ bombardment can create a compressively stressed surface layer in soda-lime glasses, by 
depleting the surface of Na ions, while enriching it of Ca ions [19]. This modified, hardened layer, 
can extend over a depth h which can reach up to 15 nm due to high temperature conditions, well 
beyond the Ar +ions penetration depth of about 3 nm for 800 eV of energy in soda-lime glass [20]. 
The dramatic viscosity drop of the glass bulk, from 1019 to 1010 Pa, when temperature increases 
in the 600-800 K range, closer to the glass transition threshold, provides the other fundamental 
ingredient of wrinkling instabilities i.e. the presence of a compliant substrate on which efficient 
mass transport toward the surface is enabled. Using the simple continuum model already discussed 
in section 1.1 it’s possible to calculate the typical wavelenght of the glass wrinkles under the 
previous assumptions: 







    (13) 
Where h is the compressively stressed layer thickness, vs and vf are the Poisson ratios of the 
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surface skin layer and bulk respectively, while Es and Ef are their Young moduli. For h=15 nm, 
vs = 0.2196, vf = 0.2081, Es = 7.40   10
10 Pa, and Ef = 6.40   10
10 Pa [21] a characteristic 
ripples wavelengh λc ≈ 60 nm is found. The order of magnitude of this value is in good agreement 
with the experimental wavelength λ=70±20 nm, measured for high temperature experiments in the 
early stages of ion irradiation (Fig. 5a) near the end of the BH linear regime. Ion irradiation 
experiments were also performed on alkali-free borosilicate glass substrates and no pattern 
enhancement could be achieved increasing the substrate temperature. No compressively stressed 
surface layer could be formed by the ion bombardment due to the absence of alkali ions and, due 
to higher glass transition threeshold, no mass transport from the bulk could be activated in the 
temperature range explored for soda-lime glasses.  
Amorphous glass ripples faceting 
As previously mentioned, in the late stages of the nanopattering process the ripples profile evolves 
into an asymmetric saw-tooth shape which shows highly selected facets slopes. This is surprising 
because ripples faceting is normally observed in IBS experiments only for crystalline materials. 
This effect can be clearly seen in the AFM ripples line profiles plotted in Fig. 6a for different 
sputtering times. The black profile (top panel) corresponds to t=207 s of irradiation and shows a 
rounded profile, while the blue curve (t=1800 s) presents the characteristical asymmetric sawtooth 
profile. In Fig. 6b we report the slopes histograms derived by the analysis of AFM topograpies for 
different sputtering times, to follow the time evolution of the ripples facets. 
 
Figure 6 - a) AFM line profiles for increasing sputtering times: t = 207 s (black line), t = 450 s 
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(red line), t = 1800 s (blue line). b) Histograms of slopes with respect to the average plane for 
differente sputtering times: black line (t =121 s), pink line (t =207 s), grey line (t =225 s), red line 
(t =450 s), blue line (t =1800 s), green line (t =3600 s). All the experiments where perfomed at 
T=680 K and θ=35°. 
  
A t=120 s (black curve) we observe a unimodal gaussian distribution peaked at 0°. The average 
slope is below 5°, corresponding to very shallow ripples. At t=207 s (pink curve) the distribution 
remarkably broadens in the -40°/+30° range. When time is increased beyond the linear regime, 
starting from t=225 s (grey curve), a characteristic slope peak is formed at 25° which continues to 
grow with ion dose (red and blue curves for t=450 s and t=1800 s respectively). This striking 
feature is caused by the preferential growth of tilted facets which face the opposite direction with 
respect to the ion incidence. The ripple ridges directly facing the ion beam form very steep but less 
selected slopes peaked at about 50°. Tip convolution effects may lead to an underestimation of 
such steep grooves. 
 
This faceted ripples growth in amorphous glass is not predicted by the Bradley-Harper model and 
defies simple interpretation. Recently, a theoretical model has been proposed predicting the 
evolution of faceted ripples in amorphous substrates for ions low angle of incidence [22]. In 
particular, in analogy to our experimental observations, the model predicts the evolution of 
asymmetric saw-tooth profiles with the steeper ridges facing the ion beam. While quantitatively 
the model is not consistent with experiments, the qualitative agreement is remarkable and will 
stimulate further theoretical work. 
 
Nonetheless these faceted, high aspect ratio glass nanorippled templates represent the ideal 
candidate for large area functionalization with plasmonic nanostructures and beyond. 
 
 
1. 3 Plasmonics fundamentals 
The field of plasmonics, which constitutes a major part of the larger field of nanophotonics, 
investigates the subwavelength confinement of electromagnetic fields through resonant 
oscillations of conductance electrons plasmas. Plasmonics can be generally understood exclusively 
by classical physics arguments and has been formally described as early as 1900 by Gustav Mie 
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[23]. In this chapter the theoretical basics of the two most important plasmonic phoenomena will 
be briefly treated, underlining their most important features with respect to this thesis work and to 
their main technological implications. First Localized Surface Plasmons (LSP) will be described, 
which are standing, non-propagating modes excited over subwavelenght nanostructures by direct 
illumination. These plasmons have been indirectly known since antiquity; gold and silver 
nanoparticles with LSP resonances in the visible range are responsible for the bright colors of 
Roman and middle ages stained glass windows and manufacts (e. g. the famous Lycurgus cup), 
due to the increase of absorption and scattering cross sections associated with LSP resonances. 
Then I will proceed describing Surface Plasmon Polaritons (SPP), propagating, dispersive 
electromagnetic modes confined at the interface between a conductive and a dielectric material. 
This plasmonic mode can’t be excited directly by an incident electromagnetic field and particular 
strategies have to be adopted, as will be shown in the following chapters.  
 
 
1.3.1 Localized surface plasmons 
 
In this chapter dedicated to Localized Surface Plasmons first we will show how these non-
propagating resonant modes arise simply by considering the scattering problem of a 
subwavelenght, spherical, conductive nanoparticle in a homogeneous oscillating electromagnetic 
field. Using the so called quasi-static approximation we will show how the nanosphere plasmonic 
resonant frequency depends only on the chemical composition of the conductive nanoparticle 
material and the sorrounding medium electronic properties. The electric near field confinement 
and amplification due to the plasmonic resonance, a crucial aspect in sight of technological 
applications, will be described along with the enhancement of the nanoparticle scattering and 
absorption cross sections. Then we will show how changing the shape of the nanoparticle enables 
tunable, multiple plasmonic modes. Lastly we will consider how bigger particles, relaxing the 
quasi-static approximation, change the picture by introducing retardation/depolarization effects. 
 
Spherical particles – near field enhancement and scattering of the incident electric field 
If a nanoparticle shows a subwalenght diameter compared to the incident electromagnetic radiation 
(λ<<<d), their interaction can be analysed in the framework of the so-called quasi static model. 
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This approximation implies that the phase of the incident electromagnetic field is considered 
constant over the whole nanoparticle volume. The problem thus becomes electrostatic and time 
dependence can be treated separetely [24]. 
Let’s consider an homogeneous and isotropic sphere of radius a, placed at the origin of the 
electrostatic field E = E0ẑ. The sorrounding medium is isotropic and non-absorbing, with 
dielectric constant εm. The electric field lines are parallel to the z axis at a sufficient distance from 
the sphere. The dielectric function of the sphere is described by the complex function ε(ω). 
 
Figura 7 – Sketch of a nanosphere in a homogenous electric field. 
 
The Laplace equation for the electrostatic potential ∇2Φ = 0 must be solved to compute the 
electric field E = −∇Φ. Laplace equation solutions read as follows for the sphere internal and 
external potential, respectively: 





      (14) 








     (15) 
Where p⃑  is the dipole moment of the spherical nanoparticle: 
        p ⃑⃑⃑  =  4πε0εma
3 ε−εm
ε+2εm
E⃗⃑0        (16) 




      (17) 
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Then p⃑  reads: 
p ⃑⃑⃑  =  ε0εmαE⃗⃑0    (18) 
The sphere polarizability (Eq. 17) shows a maximum when the quantity |ε(ω) + 2εm| is minimum. 
If the imaginary part of ε(ω) is small or nearly constant near resonance  (an imaginary part of 
ε(ω)equal to 0 would imply a divergence), the polarizability maxima is verified when: 
Re[ε(ω)] = −2εm     (19) 
A localized surface plasmon resonance is excited when the so-called Frölich condition (Eq. 19) is 
satisfied. 
The dielectric function of a sphere in vacuum (or approximately in air) considering only free 
electrons reads: 




     (20) 
ωp is the plasma frequency of the material forming the sphere and γ is a damping factor. In analogy 
with the physical picture of an harmonic oscillators, γ determines the spectral width of the 
resonance. If γ is small, and assuming εm ≅ 1, the Frölich condition is met when the incoming 
electric field shows the frequency ω0 =
ωp
√3




∗      (21) 
Where N is the density per unit of volume of free electrons in the material, e is the elementary 
charge, ε0 is vacuum dielectric constant and m
∗ is the effective electrons mass. It can be easily 
understand how changing the sphere material shifts the plasmonic resonance as a function of free 
carrier density. Noble metal nanospheres in vacuum/air will typically show localized plasmonic 
resonances into the visible range of the spectrum, while lower carrier density material such as 
semiconductors will show plasmonic resonances in the infrared range. This underlines a first 
important point: plasmonic resonances can indeed be tuned with the choice of the nanosphere and 
delectric medium chemical composition. 
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From equations 14 and 15 we can compute the electric field inside and outside the sphere at the 
localized plasmon resonant frequency: 
Ein⃑⃑ ⃑⃑ ⃑⃗ =
3εm
ε+2εm
E⃗⃑0     (22) 





    (23) 
Both the sphere internal and external electric fields are amplified under plasmonic resonant 
conditions. This is one of the most interesting effects associated with localized plasmonic 
resonances. This near field amplification provides the enhanced light-matter interaction at the basis 
of several technological applications e.g. light trapping in optoelectronic devices and surface 
enhanced spectroscopies (PEF, SEIRA, SERS). Electric near field enhancement can be measured 
directly by a spectroscopic technique known as Scanning Near Field Optical Microscopy (SNOM). 
At this point time dependency may be introduced. The time dependent incident electric field is: 
  E⃗⃑(r , t) = E⃗⃑0(r⃗)e
ιωt     (24)  
The spherical particle subject to this electromagnetic plane wave can be treated as an oscillating 
dipole with p⃑ : 
p ⃑⃑⃑  =  ε0εmαE⃗⃑0e
ιωt     (25) 
Where the sphere polarizability α(ω)α(ω) is the same function as in the electrostatic scenario. An 
oscillating dipole emits an electric field, expressed by the second term of Eq. 23. Exploiting the 
relations describing the field emitted by an oscillating dipole, it’s possible to compute the particle 
absorbance and scattering cross sections, defined as the ratio between the incident and 
absorbed/scattered power: 









|2     (26) 




]    (27) 
Where k is the wavevector of the resonant wavelenght. A peak in both absorbance and scattering 
cross section manifest when the Frölich condition is met and a localized plasmon is excited. When 
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the sphere radius a is much smaller than λ, absorbance dominates as it depends on a3. On the other 
hand, when the particle volume gets bigger scattering becomes dominant, as it depends on a6. 
Moreover, because of this a6 dependency, a few large particles are sufficient for scattering to be 
prevalent in multi-particle systems. It has to be underlined that Eq. 26 and 27 are perfectly valid 
also for dielectric particles. It is very important to note that both the absorbance and scattering 
cross sections of resonant plasmonic nanoparticles are considerably greater than their geometrical 
one. Plasmonic nanoparticles can thus act as energy absorbers/concentrators and optical antennas, 
crucial features in a plethora of already mentioned optical and photonic applications. 
Ellipsoidal particles– tuning of the localized plasmonic resonance with shape and size 
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     (29) 
Where f(q) = √(q + a1
2)(q + a2
2)(q + a3
2). These geometrical factors satisfy the condition 
∑Li = 1. It worth to note that for the case of a sphere where a1 = a2 = a3, then  L1 = L2 = L3 =
1
3
, giving back eq. 2.4; that is, an isotropic polarizability and a single localized plasmon resonant 
frequency. An important class of ellipsoid are prolate spheroids, which show two equal minor axes 
and a major axis (b = c ; a > c). In this case the particle polarizability will show two distinct 
maxima for two different frequencies of the incident field and, consequently, two different 
localized plasmon resonances: a “short” axis mode and a “long” axis mode, which will be excited 
by the component of the incident electric field oscillating along their respective directions [25]. 
Fixing a prolate spherical nanoparticle volume and modulating their shape as a function of their 
aspect ratio (defined as shorter axis c divided by major axis a), show how the two different 




Figure 8 – “Short axis” and “long axis” mode plasmonic resonant wavelentgh for a prolate 
spheroid as function of its aspect ratio. 
The long axis mode red-shifts remarkably to lower frequencies compared to the nanosphere case 
by decreasing its aspect ratio. The short axis mode blue-shifts to higher frequencies instead, with 
a much lesser efficiency. 
All this to evidence a very general crucial point. The LSPR of a nanoparticle can be spectrally 
tuned by engineering its shape, as well as its chemical composition. Moreover, the plasmonic 
response of a nanoparticle can show a strong anisotropic behavior. These are all fundamentals 
points for every technological application of plasmonics, largely investigated in this thesis work. 
Relaxation of the quasi-static approximation for large nanoparticles – Mie theory 
The quasi-static approximation model well predicts experimental data only for significatively 
subwavelength nanoparticles. When structures start to have one of their characteristic size 
exceeding about 100 nm, the agreement is progressively lost, due to so-called retardation effects 
caused by the dephasing of the incident electric field over the nanoparticle volume. To take this 
effects into account a more complete electromagnetic description of the problem has to be 
considered, provided by Gustav Mie theory for a spherical particle, which expands the electric 
field inside and outside the particles into series of multipolar optical modes [23]. The dipolar mode 
is the first term in a power series expansion of the scattering and absorbance coefficients computed 
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in the context of the theory. The particle polarizability approximated to the first order in this 




















    (30) 
The parameter x =
πa
λ0
 correlates the particle radius to the incident electric field wavelength in 
vacuum, and ultimately quantifies retardation effects (for x << 1, Eq. 30 reduces to the dipolar 
quasi-static nanosphere polarizability of Eq. 17). Thus for a Drude metal nanosphere the LSPR 
red-shift by increasing the particle volume. Moreover, increasing the volume also spectrally 
broadens and weakens the plasmonic resonance because of the imaginary term in the denominator 
of Eq. 30, which is linearly proportional to the particle volume and quantifies the damping due to 
electron-phonon elastic scattering. These retardation effects can be exploited to engineer noble 
metal nanostructures showing a LSPR into the infrared range as the experimental work presented 
in chapter 2 of this thesis will demonstrate. 
1.3.2 Surface plasmons polaritons 
Surface plasmons polaritons are electromagnetic modes propagating at the interface between a 
conductive and an insulating material. They are confined at the interface, decaying evanescently 
away from it. Their propagating nature makes them interesting for waveguiding applications, 
which are in general not enabled by localized plasmons [24,26]. SPP can be excited by photons, thus 
confining their energy in subwavelength volumes at the interface. This however can’t be done by 
direct illumination as for localized surface plasmons. In this chapter first we will compute the 
Surface Plasmon Polaritons dispersion relation using relations directly derived by Maxwell 
equations. We will then consider how SPP can be experimentally coupled to an external 
electromagnetic wave. Lasty we will make some consideration about the spatial profile and 
features of these propagating modes. 
Surface plasmons polariton excitation and main features 
The simplest geometry which can sustain the excitation of a propagating Surface Plasmon 
Polariton (SPP) consists in a flat interface between a semi-infinite metal and dielectric half-space 
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(Fig. 9). The metal half space is characterized by a complex, isotropic and frequency dependent 
dielectric function  ε1(ω). The non-absorbing dielectric half space is characterized by a positive, 
real, isotropic dielectric constant  ε2 > 0.  
 
Figure 9 – Sketch of the SPP equations coordinates system, field components and charge 
distribution. 
We search for wave solutions confined at the metal/dielectric interface propagating along the X 
direction (Fig. 9). The SPP must show an evanescent field decay away from the surface in both 
half-spaces. We consider TM polarized wave solutions. In a wave of this kind the magnetic field 
is perpericular the the plane of incidence, defined by the SPP propagation direction and the normal 
to the surface. For TE waves, where the electric field vector is perpendicular to the plane of 
incidence, it’s been demonstrated that no appropriate solution exists; SPP are indeed exclusively 
TM waves [24,26]. Directly following from Maxwell equations, solutions of this form are found for 
the electric field vectors E and for the magnetic field vector H, for z>0 (dielectric half-space): 
Hy(z) = A2e









 eixe−k2z    (33) 
And for z<0 (metal half space) we get: 
Hy(z) = A1e











 eixek1z     (36) 
Where ki (i = 1,2) ≡ ki,z is the wavevector along the z direction inside the two half-spaces 
(1=metal, 2=dielectric), εo is the dielectric constant of vacuum,   = kx for readabiliy is the SPP 
wavevector along the x direction, and A1 and A2 are the two wave amplitude coefficients inside 
the two media. The wavevector z component reciprocal value 1/|kz,i| ẑ quantifies the evanescent 
field decay length orthogonal to the surface, in the two half-spaces, and thus the wave interface 






      (37) 
Exploiting a condition imposed by Maxwell equations on Hy, it can be demonstrated that: 
k1
2 = 2 − k0
2ε1      (38) 
k2
2 = 2 − k0
2ε2     (39) 







= kx = kSPP     (40) 
This is dispersion relation of the SPP, correlating it’s frequency to it’s wavevector kSPP. In Figure 
10, the SPP dispersion relation for a undamped metal/dielectric interface is shown along with the 




Figure 10 – Dispersion relation of the SPP (solid line) and light line of a photon travelling into 
the dielectric medium parallel to the dielectric/metal interface (dashed line). 
For kx  ⇾ ∞ the SPP dispersion approaches the characteristic frequency ωspp =
ωp
√1+ε2
  while the 
group velocity vg  ⇾ 0, and thus the mode becomes of an electrostatic nature. It is worth to note 
how the wavelength of an SPP can be smaller than an equal energy photon’s wavelenght, enabling 
subwavelentgh confinement, a key property of SPPs for photonic circuits miniaturization. For 
small kx instead the SPP dispersion lies close to light line of the photon travelling parallel to the 
interface into the dielectric medium, but they never cross. This means that a photon must acquire 
an additional momentum to excite an SPP. This can be done in the so called Otto and Kretschmann 




Figure 11- a,b) Sketches of Otto and Kretschmann configurations, respectively. c) Light travelling 
parallel to the interface into the prism can couple evanescently at the metal/dielectric interface in 
both Otto and Kretschmann case. d) Photon-SPP coupling through momentum exchange with a 
diffraction grating at the metal/dielectric interface. 
Light is shined through a prism separated from a metal surface by a thin gap of dielectric (Otto) or 
through a prism with a thin metal film directly grown on it’s surface (Kretschmann). Light is shined 
at such an angle to produce total internal reflection inside the prism. In both configurations, the 
evanescent field of the photon internally reflected parallel to the prism surface can evanescently 
couple to an SPP at the dielectric/metal inteface where the two dispersion relations cross, as shown 
is Fig. 11c. Coupling condition depends on the refractive index of the prism, which determines the 
light line, and on the dispersion curve of the SPP, determined by the dielectric functions of the 
metal and dielectric gap or environment. Another way to couple photons to SPPs is to consider a 
diffraction grating at the metal/dielectric interface (Fig. 11d), which transers a momentum to the 
incoming photons equal to: 
kG = ± n
2π
a
      (41) 
Where n is an integer number and a is the periodicity of the grating. The photon dispersion curve 
as a function of kx is thus rigidly translated of an amount ±kG following the relation: 
40 
 
kx−photon = |kphoton| sin θ ±  n
2π
a
    (42) 
Where sin θ in the photon incident angle with respect to the surface normal. If kx−photon = kSPP, 
and the photon’s energy matches the SPP’s, a surface plasmon polariton is exctied along the 
metal/dielectric interface. This phonomena is particoularly relevant to this thesis and will be more 
deeply argumented in chapter 6. 
Taking into account the imaginary part of the metal complex dielectric function it is possible to 
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L is typically between 10 and 100 μm, depending on the materials involved. It is worth to comment 
further on the SPP field confinement z=1/|kz,i| (i=1 metal side, i=2 dielectric side) where |kz,i| is: 




)εi     (45) 
As the SPP frequency rises the field confinement, and thus the field enhancement and energy 
localization, improves while the propagation length decreases due to increased damping. For 
example, at an air silver/interface, for SPP wavelenght λ = 450 nm, L ≈ 16 μm and z ≈ 180 nm into 
the dielectric. At λ ≈ 1.5 μm instead, L ≈ 1080 μm and z ≈ 2.6 μm. This trade-off between field 
confinement and loss is typical of plasmonics. In general it’s possible to note that field confinement 
below the diffraction limit of half the photon wavelength in the dielectric can be achieved close to 
ωspp. Furthermore we can lastly comment that the field confinement is asymmetric in the metal 
and dielectric half spaces. Indeed in the metal the SPP field typically decays completely over 
distances on the order of 20 nm in the visible/IR range, while on the dielectric side in can extend 
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to hundreds of nm, as we saw for the air/Ag case. This means that most of the incoming field 
energy will be confined on the metal side of the propagating SPP.  
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CHAPTER 2    
Large area infrared plasmonics via anisotropic wrinkling of flexible 
Au/PDMS nanoarrays 
Introduction 
Recently a strong interest rose towards the integration of plasmonic devices onto flexible 
polymeric surfaces [1,2] having in mind a huge amount of applications like e.g. stretchable 
electronics [5], tunable optofluidic devices [6], microfluidic devices for biology, pharmacy and 
tissue engineering [7–11], membranes for organic solvent nanofiltration [12], analytical chemistry 
[13], protective marble coatings [14], strain gauges and pressure sensors [15]. Thus, if flexibility 
represents a key property, elastomers like polydimethylsiloxane (PDMS) are particularly 
convenient due to their relatively low modulus (~1.6 MPa) [3], near incompressibility (the Poisson 
ratio reads ~0.5) [3], and large fracture strain (~160%) [4]. Additionally, PDMS shows several other 
desirable properties such as biocompatibility, hydrophobicity, high oxygen permeability, 
transparency, non-toxicity and low-cost.  
Several fabrication approaches, both top-down and bottom-up, have been explored to modify and 
engineer the PDMS surface for device fabrication [16]. The production of rough surfaces containing 
micro-, and nano-composite features is made possible by one-step laser etching. The structured 
surface shows super-hydrophobic properties and could be used for lossless liquid transport and 
microfluidic devices fabrication [17]. However, in these examples the pattern is isotropic and the 
modified PDMS surface is not suitable to be used as a template for the confined growth of well-
defined metal structures. The experiments described in section 1.2.3 of this thesis have 
demonstrated that solid state, inorganic soda lime glasses exposed to irradiation with noble gas 
ions at non-normal incidence angles undergo a uniaxial wrinkling instability, when kept at a 
temperature close to their glass transition threshold. The formation of large area, self-organized 
anisotropic periodic channels on the surface is much more suited to the controlled confinement of 
metal structures when compared to isotropic patterns [18]. The same grazing ion incidence protocol, 
if applied to PDMS substrates, does instead lead to the formation of an isotropic meandering 
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pattern analogous to the results of Park et al. [19]. This is because the ion range in the material (few 
nm) is much smaller than the typical scale of the wrinkles (fractions of micrometer).  
In a previous work, the laboratory which hosted me obtained uniaxial modulations on PDMS by a 
replica molding process using the low cost IBS soda-lime glass as “masters” [20]. This soft 
lithographic fabrication method enabled large area production of nanostructured hydrophobic 
PDMS surfaces ideal for the growth of high density, pillar-like Au clusters, well suited for 
applications such as Surface Enhanced Raman Spectroscopy (SERS). The resulting PDMS 
anisotropic templates however showed poor degree of order, low height/width aspect ratios and 
limited morphological tunability, with wavelength periodicity in the range of 200 nm. Given the 
glancing angle deposition conditions employed, the Au cluster widths are limited well below 100 
nm range where the quasistatic approximation still holds and depolarization effects produced on 
big particles, described in section 1.3 of the thesis, cannot be exploited for redshifting the LSP 
resonance deep into the NIR range. For this reason, the resonant wavelength of the LSP dipolar 
excitation could be tailored in a limited range around 600-700 nm and no multipolar plasmon 
resonances could be excited. Similar conclusions were reached when Au evaporation was directly 
performed on the rippled glass templates produced by self-organized ion beam sputtering (see e.g. 
21 and references therein cited) since the periodicity of the template is limited in the range below 
200 nm. Alternatively, highly ordered anisotropic PDMS patterns have been prepared by replica 
molding recurring to top-down approaches based on Electron Beam Lithography (EBL) for the 
fabrication of the master [22]. However, the high costs and limited working area of EBL represent 
a drawback for device fabrication at the industrial level. 
In my PhD work I exploited PDMS templates with a uniaxial wrinkle pattern obtained by air 
plasma irradiation of a pre-stretched substrate, following an approach similar to Kim et al [23]. The 
rippled PDMS substrates are endowed with remarkably long range order, high aspect ratios, and 
tunable morphology. The wrinkled PDMS thus constitutes an ideal template for the confinement 
of uniaxially ordered and finely tailored arrays of noble metal (Au) nanowires by grazing angle 
thermal deposition over cm2 areas. The shape, size and orientation of the Au nanostructures are 
tailored by controlling the periodicity of the rippled PDMS template from about 300 nm to 1 um, 
the height of the ripples from 50 nm to 350 nm, and the metal deposition parameters. In this way, 
we are able to increase the width of Au NWs up to 285 nm, substantially above the quasistatic 
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limit, where strong depolarization effects come into play and multipolar plasmon excitation 
becomes observable. For light polarized orthogonal to the NW axis, the LSP resonant wavelength 
can be tuned over a remarkably large spectral range which spans from about 600 nm to 1200 nm. 
For light polarized in the longitudinal direction the optical response is equivalent to a continuous 
film since the NW have lengths in the 10 μm range and form a percolated network. Finally, we 
show that is possible to conjugate on the same flexible PDMS sample remarkable electrical 
transport properties with low sheet resistance in the 15 Ohm/sq range, semi-transparency and 
plasmonic properties thus making them suitable for a broad range of optoelectronic, energy 
harvesting, and sensing applications.  
2.1 – Results and discussion 
Wrinkling of air plasma treated pre-stretched PDMS surfaces 
 
Figure 1: a)-d) Sketch of the fabrication process of nanostructured PDMS substrates. e) Periodic 
corrugations on the PDMS surface give rise to grating diffraction effects over macroscopic areas. 
f) AFM image of a rippled PDMS substrate.  g) Line profile along the AFM image shown in f). 
The formation of PDMS templates with uniaxial periodic modulations is achieved by exposing a 
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pre-stretched sample to an air plasma as outlined in the sketches of Fig. 1a-1d: a PDMS sample 
(see the Experimental section for details) is stretched in a controllable way (Fig. 1b) and then 
placed in a vacuum chamber for the plasma treatment (Fig. 1c). Exposure of the polymer surface 
to the air plasma leads to the formation of a compressively stressed skin layer with increased bulk 
elastic modulus due to the cleavage of Si–CH3 groups and the formation of a denser, SiOX-rich 
glass-like surface layer [23,24]. After removing the sample from the chamber, and once the 
stretching is released, an undulated pattern appears on the surface (Fig. 1d). The formation of a 
periodic pattern can be understood in the context of continuum elastic models which describe 
wrinkling of elastic films bound by a compressively stressed hard skin as described in section 1.1 
of the thesis [25,26]. It is worth to note that no substantial differences in the surface morphology 
have been observed in our experiments by using an oxygen plasma instead of an air plasma (this 
allows of course a further decrease of the fabrication costs).  
Morphological characterization and Au nanowires confinement 
Atomic Force Microscopy (AFM) measurements (Fig. 1f) demonstrate that a regular periodic 
nanoripple pattern is formed on the polymer surface exposed to the plasma, while the grating light 
scattering effects evident in the photograph of Fig. 1e reveals that the motif extends over large cm2 
areas. The periodicity (λ) and height (A) of the ripples (respectively 550 nm and 120 nm) 
highlighted in the AFM line profile of Fig. 1g, are derived from a statistical analysis of the AFM 
images by means of WSxM software [27]. The ripple morphology of Fig. 1f-g is determined by the 
main experimental parameters: applied pre-stretching (S=40%), RF plasma power (P=50 W) and 
time (t=60 s) of the plasma process [28] as discussed further ahead. The extremely high degree of 
order of the rippled PDMS template is quantitatively demonstrated by the self-correlation of AFM 
images (Fig. 8 in Experimental section) which show higher order oscillations exceeding the 10th 
harmonic. The PDMS samples endowed with such steep periodic grooves can be considered as 
ideal templates for the confinement of metallic nanowires (NW), when Au deposition takes place 




Figure 2: a) SEM image of 10 nm Au deposited at grazing incidence on rippled PDMS substrate. 
Deposition geometry is sketched in the inset: the Au flux direction is perpendicular to the ripple 
long axis and forms an 80° angle with the substrate normal. SEM image acquired in the 
backscattered channel with a primary beam energy of 15kV and a magnification of 5k; the yellow 
scale bar corresponds to 10 μm. b) Zoom-in of the image shown in a) in which the polycrystalline 
structure of the Au wires is well visible. SEM image acquired in the backscattered channel with a 
primary beam energy of 15kV and a magnification of 80k; the yellow scale bar corresponds to 500 
nm. 
Fig. 2 shows an array of NW obtained by the physical vapour deposition of 10 nm of Au on rippled 
PDMS at a grazing angle of 80° as highlighted in the inset of Fig. 2a. Simple geometrical 
arguments, derived from the AFM line profile of the sinusoidal template, allow to derive the height 
h of the tilted NW given the Au thickness (h0)  evaporated on a flat substrate facing the source at 
normal incidence and the average slope of the illuminated facet θ as h=h0cos(80°-θ)=10.6 nm. 
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The PDMS template in this case was obtained by air plasma treatment with pre-stretching S=30%, 
P = 20 W, t = 15 s and the resulting periodicity and amplitude read respectively λ=310 nm and 
A=50 nm. 
Due to the glancing evaporation conditions here adopted, the gold nanostripes decorate only the 
“illuminated” ripple facets, separated by alternating gaps in the shadowed regions. Scanning 
Electron Microscope (SEM) images (Fig. 2a) were statistically analysed by means of ImageJ 
software suite in order to determine the average NW transversal width w// projected on the 
horizontal plane (Fig. 9 in the experimental section). The width w of the tilted NWs is in turn found 
by taking into account the average slope θ of the Au covered PDMS ripples with respect to the 
horizontal plane, derived from the AFM profile, as w=w// / cos(θ). For the sample of Fig. 2, w=145 
nm (see Table 1).  SEM images also show that NW length can extend up to several tens of 
micrometers. A look at higher magnification evidences the polycrystalline structure of the Au 
wires, with grain sizes in the range of 30 nm (Fig. 2b). 
Excitation of tunable dipolar and multipolar LSP modes in the Vis and NIR 
spectral range 
The optical properties of the NW have been investigated by transmission (extinction) 
measurements at normal incidence. With light polarized parallel to the NW long axis, the electrons 
are free to oscillate unconstrained along the connected metallic nanostructures and the optical 
spectrum is similar to that of a continuous film (TE signal, black line in Fig. 3). When light is 
polarized along the NW short axis, electron confinement effects become relevant, and a Localized 
Surface Plasmon Resonance (LSPR) at 620 nm becomes clearly visible in the spectrum (TM 
signal, red line in Fig. 3). 
The strongly dichroic optical response confers to the NW array the performance of a wire grid 
polarizer in the IR spectral region while in the visible spectral range the response is dominated by 




Figure 3: Optical extinction spectra with polarized light in TE (black line) and TM (red line) 
directions, measured on the Au nanowires of Fig. 2. The measurements are normalized to the ones 
made on a bare and flat PDMS sample. 
Different PDMS templates with tailored ripple morphology have been fabricated by varying the 
parameters of the air plasma treatment. A summary of the experiments is reported in Table 1 where 
the air plasma induced nanostructures (samples A, C, D) are compared with those obtained by 
irradiation with a defocused Ar+ Ion Beam (sample B). In the latter case, the polymer sample was 
pre-stretched at S=30% before being introduced in a vacuum chamber and then irradiated for 15 
seconds with Argon ions at an energy of 80 eV and 4.010-4 mbar of pressure (gas purity N5.0). 
The base pressure in the vacuum chamber in the order of 10-7mbar.  As a general rule, by increasing 
the energy deposited in the air plasma treatment (the product between P and t) a thicker modified 
surface layer is formed, endowed with a higher Young modulus (in the range of 1.5 GPa) compared 
to the untreated bulk material (1.5 MPa), and correspondingly both the height and the wavelength 
of the ripples increase. On the other hand, by increasing the amount of sample pre-stretching, 
higher ripples of shorter wavelength can be formed on the surface [23]. 
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Sample S(%) P(W) t(s) λ(nm) A(nm) θ(°) h (nm) w (nm) h/w LSPR(nm) 
A 30 20 15 310 50 20 10.6 145 0.073 620 
B 30 80 V(*) 15 450 80 21 10.7 170 0.063 725 
C 40 50 60 550 120 25 11.0 190 0.058 800 
D 50 100 60 900 340 34 12.0 285 0.042 1150 
Table 1: Localized Surface Plasmon Resonance (LSPR), Au nanowire width (w) and height (h) as 
a function of the morphological features of the PDMS template, ripple period (λ), height (A), local 
slope (θ) and of the NW aspect ratio (h/w). Also shown are the parameters employed for the plasma 
treatment of the PDMS template, pre-stretching (S), power (P) and time (t). 
Simple geometrical arguments, assuming a sinusoidal template profile, suggest that the width of 
the NW supported on the facets illuminated by the Au beam is directly proportional to the period 
of the PDMS ripple (column “w” vs column “λ” in Table 1). By increasing the NW width (w) one 
can monotonically decrease the NW height/width aspect ratio (defined as h/w) since the NW height 
has been kept almost fixed in these experiments. 
In Figure 4 we show the optical spectra (TM polarization) for the NW samples grown on the PDMS 
templates prepared under different plasma conditions. The NW width increase monotonically from 
145 nm (black curve, sample A) up to 285 nm (green curve, sample D). Since in these experiments 
the NW thickness h is kept nearly constant, we can easily tune their aspect ratio h/w which 
decreases from 0.073 down to 0.042. The dipolar LSP resonance (marked by a circle) is 
systematically redshifted from 620 nm up to the maximum measured value of 1150 nm for the 




Figure 4: Optical extinction spectra of TM polarized light for samples A (black curve), B (red 
curve), C (blue curve) and D (green curve). The circles identify the position of the dipolar LSPR 
resonance (n=1) while the stars identify the multipolar resonance (n=3). 
For the NW samples whose widths w exceeds 170 nm (sample C and D) it is also relevant the 
presence of an additional extinction peak marked by a star, respectively centred around 600 nm 
and 820 nm, which is blueshifted with respect to the dipolar excitation. These peaks are assigned 
to the excitation of multipolar plasmon modes of odd order (n=3); the even multipolar mode (n=2) 
is not observed due to the light polarization here employed [29–31].  For all the transmission spectra 
shown in Fig. 4 we employed as a reference the spectrum of a flat PDMS sample.  
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These results are summarized in Fig. 5, where the plasmon resonance wavelengths are plotted 
versus the NW width w, both for the dipolar (n=1) as well as for the multipolar (n=3) modes. For 
NW of increasing width an almost linear redshift of the dipolar mode (n=1) as well as of the 
multipolar mode (n=3) is observed.  
 
Figure 5: Localized Surface Plasmon Resonance wavelength of dipolar modes (red triangles) and 
multipolar modes (black stars) as a function of the NW width. 
This demonstrates that by increasing the periodicity of the PDMS wrinkles towards the 
submicrometer range, it is possible to easily confine the growth of tilted Au nanowires whose width 
exceeds several hundred nm, well beyond the quasistatic limit, for which strong depolarization 
effects become relevant [32]. This enables a very effective redshift of the LSP resonance from the 
VIS to the NIR range of the EM spectrum.  
Additonally we notice that, when the width of the Au nanostripes decreases, the multipolar 
resonances blueshift and their cross section is depressed as also observed in similar experiments 
performed on Au nanorods [39]. Moreover, when the higher order resonances are blueshifted 
below the onset of the Au interband transitions, in the range of 550 nm, a very effective decay 
channel becomes available and the multipolar resonances become strongly damped. In practical 
terms this means that the multipolar modes are observable only for nanostripes with a width 




Robustness of the Au/PDMS nanoarrays plasmonic properties under mechanical 
strain 
The robustness of the plasmonic and optical properties of the Au NW/PDMS against mechanical 
deformation of the polymer template has been verified by comparing the optical response after 
repeating mechanical stress cycles. In Fig. 6 we show the optical spectra and the LSPR wavelength 
measured of Sample A in-situ under tensile strain conditions up to 30%. Fig 6a refers to 
transmittance of the sample when strain is applied orthogonally to the NW axis. After the strain 
cycle is completed and stress is released, the transmittance spectrum (dashed black curve) differs 
by less than a 5% relative to the unstretched sample (solid black curve). We highlight that the 
LSPR wavelength is essentially unchanged regardless of the amount of stretching applied as 
evidenced by Fig. 6b. Fig 6c shows the optical transmittance of the sample when tensile strain is 
applied parallel to the NW axis. After the stress cycle is completed and stress is released, 
transmittance (dashed black curve) again differs by less than a 5% with respect to the unstretched 
sample (solid black curve). The LSPR wavelength is stable within 1% in comparison to the 
unstretched sample LSPR wavelength. This demonstrates the robustness of the rippled PDMS/Au 
NW system under the investigated mechanical stress conditions. We also highlight that the LSPR 
wavelength doesn’t change appreciably even if the periodicity of the underlying PDMS grating is 
changed accordingly by up to 30% during the strain cycles. This further demonstrates that the 
transmission dips attributed to the plasmon resonances are characterized by a localized and non-






Figure 6: (a, c) Transmittance spectra acquired while tensile strain is applied to the Au NW axis, 
either orthogonal (a) or parallel to their axis (c). The different curves are associated with different 
relative stretching amounts: 0% (solid black curve), 10% (red curve), 20% (green curve), 30% 
(blue curve), 0% after one stress cycle is performed (dashed black curve). (b, d) Peak position of 
LSPR excitation as a function of the applied strain either orthogonal (b) or parallel (d) to their 
axis. 0% (black square) and 0% after one stress cycle (black circle) essentially coincides in middle 
panel of Fig. 6b, while the are distinguishable in Fig. 6d. 
The possibility to produce substrates doped with metal NW arrays supporting localized plasmon 
resonances in the NIR spectral range is of particular interest in view of Raman SERS applications 
when a low fluorescence background is mandatory. Indeed, a red-shift of the pump laser 
wavelength from the more conventional 532 nm or 633 nm excitation wavelengths towards 785 
nm and 1064 nm in general allows to shift the characteristic Raman lines out from the substrate 
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fluorescence manifold, but at the expense of a substantial drop of the Raman signal intensity which 
follows a 1/λ4 trend. The use of substrates doped with plasmonic nanoarrays whose plasmon 
resonances can be tuned to match the pump laser wavelength would thus allow to increase the EM 
intensity in the near-field regions to compensate the decrease of Raman cross section at higher 
wavelengths [33]. The SERS experiments performed on Au/PDMS templates prepared by soft 
lithography [20] suggest that substantial Raman amplification factors in the range of 104 should be 
expected also for the Au nanostripes on wrinkled PDMS. More in general, the availability of 
flexible templates capable of shifting the plasmonic resonance from the VIS deep into the NIR 
spectral range appears relevant in view of plasmon-enhanced applications for bio-sensing and 
opto-electronics applications [34–36]. 
Au/PDMS nanoarrays as semi-transparent, flexible plasmonic electrodes 
In view of a possible application of the Au NW arrays supported on PDMS as flexible semi-
transparent electrodes, their electrical transport properties have been tested by measuring the sheet 
resistance between two electrodes separated by macroscopic distances in the range of 5 mm (see 
inset of Fig. 7). In Fig. 7 we also show the TM (red curve) and TE (black curve) optical spectra 
acquired on a PDMS substrate after the growth of Au NW with h= 50 nm, a high dose which is 
well beyond the electrical percolation threshold. Such a sample exhibits a longitudinal sheet 
resistance as low as 15 Ω/sq, a figure which is competitive with the best transparent conductive 
oxides based on ITO or on metal NW electrodes [37]. Previous experiments performed under 
comparable glancing angle deposition conditions on less ordered glass templates evidenced that 
the electrical percolation threshold shifts to lower coverages in the range of 20 nm [38]. This delay 
of percolation at higher Au doses on the PDMS templates is due to the extreme order of their ripple 
pattern in comparison to the glass case, where the inter-wire percolation is in fact favoured by the 
presence of dislocations and defects which separate individual NWs. The shadowing evaporation 
conditions ensured by the highly ordered PDMS ripple pattern on one hand hinder the lateral 
connection of adjacent NW (and thus electrical percolation), but on the other ensures a controllable 
degree of optical transparency in the uncovered portions of the PDMS pattern. In the example of 
Fig. 7, despite the considerable amount of deposited Au, the sample is still semi-transparent with 
a mean transmission of about 20%. In properly optimized experiments, which go beyond the scope 
of this work, one could expect to increase the optical transparency of the NW electrodes in the 
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60% range while still keeping the sheet resistance below 50 Ω /sq by simply acting on the template 
morphology, on the Au deposition angle and on  Au dose [38]. 
 
Figure 7: Extinction spectra with polarized light in TE (black line) and TM (red line) directions, 
measured on thick Au NW (h=50 nm). The longitudinal sheet resistance of this sample measures 
15 Ω/sq. 
Summing up the wrinkled PDMS samples doped with Au NW arrays own multifunctional 
properties (conductivity, transparency, tunable plasmonic response, flexibility, substrate 
nanostructuration) that make them appealing in a broad range of applications extending from 
optoelectronics, to energy harvesting and sensing applications [34–36]. As a case in point, we 
mention that noble metal NW matrixes confined on the rippled surface of flexible polymeric 
(PDMS) substrates have recently been employed as the core building blocks of ultra-sensitive 
capacitive pressure sensors [39,40]. In these approaches, a complex multi-step process involving the 
alignment of Au nanowires from solution has been employed to form the top electrode on a rippled 
PDMS interface. Our experimental approach can be easily tailored to offer a single step and cost 
effective alternative to fabricate these novel sensing platforms on large area substrates employing 
standard equipment scalable at the industrial level. 
2.2 - Conclusions 
Anisotropic wrinkling of Polydimethylsiloxane polymer templates has been achieved recurring to 
air plasma treatment on pre-stretched samples. The rippled templates are employed for the 
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confinement of anisotropic plasmonic nanostructures. Ordered self-organized polycrystalline gold 
nanowires (NW) with length up to tens of micrometers are formed by thermal deposition at grazing 
incidence. The investigation of the optical properties of the NW arrays showed a strong dichroic 
response of the Au NW/PDMS in the visible-near infrared spectral region. For light polarization 
parallel to the NW long axis the optical response resembles that of continuous flat films. For 
polarized light in the direction orthogonal to the NW long axis, Localized Surface Plasmon 
Resonance of both dipolar and multipolar nature are excited.  The LSPR wavelength can be tailored 
in a broad spectral range extending from 600 nm up to 1150 nm in the IR range of the spectrum, 
by modifying the NW aspect ratio and the periodicity and height of the PDMS undulations. The 
possibility to efficiently tune the Au structures LSPR into the infrared range of the spectrum makes 
these samples excellent candidates for molecular and biosensing applications like e.g. in SERS: in 
this respect we exploited the retardation effects which become significant when the width of the 
Au NWs exceeds beyond the quasi-static limit. The optical and plasmonic properties of the Au 
NW/PDMS are preserved even after considerable tensile mechanical stress is exerted upon the 
system. Excellent electrical transport properties are observed in the direction parallel to the NW 
while still preserving sample transparency. The results suggest that the Au NW/PDMS could be 
employed in a broad range of applications, like e.g. wire grid polarizers, substrates for plasmon-
enhanced spectroscopies and as flexible transparent electrodes. 
2.3 - Experimental section 
PDMS template fabrication 
A 10:1 weight ratio mixture of PDMS pre-polymer and curing agent (Sylgard 184, Dow Corning) 
was prepared and left 20 min at room temperature (RT) for degassing. Afterwards, the solution 
was casted on a flat glass slide, confined by a rectangular Teflon stamp (2 mm thick). After further 
20 min of degassing at RT, a second flat glass slide was positioned on top, in order to obtain a 
PDMS sample with two parallel surfaces. In this way, it is possible to avoid artefacts in the optical 
measurements. 
The sample was left 12 hours at RT followed by a final annealing at 70°C for 2 h in order to 
complete the polymer reticulation process. After that, both glass slides were removed and a flat 
PDMS sample (approximately 10 mm x 20 mm x 2 mm) was obtained. 
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Wrinkling of the PDMS surface 
Two methods have been employed to fabricate rippled surfaces: (i) air and oxygen plasma 
treatment was performed in a Tucan 1 Gambetti Chamber at the pressure of 0.5 mbar with variable 
power and time. (ii) Ion Beam Sputtering (IBS) was performed in a High Vacuum (HV) chamber 
by means of Ar+ ion irradiation at normal incidence by a defocused beam at 4.010-4 mbar of 
pressure (5.0N purity), generated from a gridded multi-aperture ion source (TECTRA), at the 
energy of 800 eV. The base pressure in the vacuum chamber was in the order of 10-7mbar. In both 
processes, the PDMS sample was stretched by a home-made setup (with an accuracy of 0.1 mm) 
before being introduced into the chambers and undergoing the treatment. 
Substrate morphology analysis 
The sample morphology was characterized by a commercial Atomic Force Microscope (AFM, 
Nanosurf S Mobile), operating in tapping mode. In Fig. 8(a-d) top panels we show AFM 
topographies of the different rippled PDMS samples A, B, C and D. We also show self-correlation 
functions (middle panels) and lines profiles (bottom panels) extracted from the AFM topographies. 
From the statistical analysis of this data we derived the templates average periodicity λ (self-
correlation functions), amplitude A (line profiles), and ripples local slopes θ for samples A, B, C 





Figure 8: AFM topography (top panel), self-correlation function (middle panel) and line profile 
(bottom panel) of: a) sample A. The red scale bar corresponds to 800 nm. b) sample B. The red 
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scale bar corresponds to 1.2 μm. c) sample C. The red scale bar corresponds to 1.4 μm d) sample 
D. The red scale bar corresponds to 3.0 μm. 
NW growth 
Gold was thermally evaporated at grazing incidence in the same vacuum chamber used for the 
IBS. The amount of deposited material was monitored during the evaporation by a quartz 
microbalance. 
Sample imaging and width statistics 
A Scanning Electron Microscope (Hitachi VP-SEM SU3500) was employed to acquire images of 
the Au NW. In the upper panels of Fig. 9(a-d) I show the SEM topographs of Au NW supported 
on the different PDMS templates, corresponding to sample A, B, C and D respectively. In the lower 
panels of Fig. 9(a-d) I show histograms of the statistical analysis NW transversal width w// 
projected on the horizontal plane derived by ImageJ software. The average values of w// read 
resplectively: 136, 159, 172 and 236 nm. The uncertainty of the average value is assumed to be +/-






Figure 9: SEM topographs acquired in the backscattering channel (top panels) and histograms of 
the statistical analysis NWs transversal width w// (bottom panels) for: a) sample A. b) sample B. 
c) sample C. d) sample D. The red scale bars correspond to 3.0 μm for all images. 
Optical measurements 
The optical properties of the samples were studied by extinction spectroscopy both in-situ and ex-
situ. We employed a spectrometer (HR4000, Ocean Optics) operating in the wavelength range 
300÷1100 nm. Measurements in NIR/IR range of the spectrum were performed with Arcoptix FT-
NIR fiber-coupled spectrometer. Halogen and deuterium sources provided light, which was fibre 
coupled to the UHV chamber for in-situ measurements. The anisotropic optical response of the 
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samples was investigated by changing the polarization of the incidence light from transverse 
magnetic (TM - electric field perpendicular to the NW axis) to transverse electric (TE - electric 
field parallel to the NW axis). 
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CHAPTER 3    
Plasmon hybridization engineering in self-organized anisotropic 
dimers 
Introduction 
Recently, the possibility to fabricate hybrid metal/dielectric plasmonic nanostructures gained 
increasing attention. Such subwavelength heterostructures can be considered metamaterials, as 
their properties are radically different from their isolated constituent materials. Let’s e.g. consider 
the case of “nanosandwiches”, vertically stacked structures grown on a dielectric substrate, made-
up by two layers of metal separated by a layer of dielectric material. In the example presented in 
Fig. 1a we can consider the geometry adopted in ref. [1] where two gold nanodisks are separated 
by a silica layer of the same size. Illuminating the sample with photons of appropriate wavelength 
it’s possible to excite Localized Surface Plasmons (LSP) on both gold nanodisks. The oscillating 
electrical dipoles exctited on the two disks will interact when the dielectric layer separating them 
is sufficiently thin leading to the hybridization of the two single disk plasmonic modes. We have 
then two hybrid modes: a mode of higher energy (dipolar electric or anti-bonding mode) and a 
mode of lower energy (dipolar magnetic or bonding mode), as can be appreciated in Fig. 1b by 
comparing the blue trace corresponding to a single Au disk capped by the dielectric layer, and the 




Figure 1: a) Sketch of a “nanosandwich” made by 3 layers (metal/dielectric/metal) of equal 
thickness. b) Exctincion spectra of a sinlge Au nanodisk (red curve), Au nanodisk + oxide layer 
(blue curve) and complete “nanosandwich” (black curve). 
In the high energy mode the two dipoles oscillate in phase, we can thus consider a single effective 
oscillating dipole and hence the “electric” mode name. In the low energy mode the dipoles oscillate 
in anti-phase and the transient currents inside the two nanodisk flow similarly to eddy currents in 
a spire forming a loop, with the magnetic field centered in the dielectric spacer and hence the name 
“magnetic” mode. Moreover, simulations suggest that a high field enhancement is produced by the 
dielectric magnetic mode over the edges of the nanosandwiches [1] and, even more importantly, 
provide hints on the way to tune the magnetic mode resonant wavelenght changing the different 




Figure 2: Tunability of the “nanosadwich” plasmonic properties. The red curve refers to a single 
Au disk with 20 nm of thickness, while the blue curve to a single Au nanodisk with 10 nm of 
thickness. The black curves refer to a nanosandwich with fixed Au layers (20 nm) and varying 
dielectric spacer thickness (from 5 to 32 nm). It can be seen how increasing the dielectric thickness 
the magnetic mode strongly blueshifts, while the electric mode decreases in intensity but stays 
relatively fixed in frequency. 
Plasmonic metasurfaces have been recently explored and engineered to achieve advanced optical 
functionalities in flat ultra-compact devices [2–4]. The general trend in this field is to increase the 
complexity of the individual elements of the patterns, so-called meta-atoms, in order to provide 
novel functionalities. For example, surface-enhanced coherent anti-Stokes Raman scattering 
(SECARS) through plasmonic Fano resonances [5] and flat-optics analog computing with gap-
plasmon metasurfaces [6], have been recently demonstrated. These outstanding achievements were 
enabled by state-of-the-art nanofabrication technologies, in particular, electron-beam lithography 
(EBL) [7–10] and focused ion beam (FIB) milling [11–13]. However, these cleanroom techniques are 
not suitable in many applications where scalability and/or cost effectiveness are of key importance, 
in particular, for large-area applications such as photovoltaics [14,15], as well as in plasmon-
enhanced bio-sensing, which requires inexpensive production methods with quantitative control 
and engineering capability at the nanoscale (see Refs. [16,17] for relevant examples of plasmon-
71 
 
enhanced quantitative SERS). Various methods for large-area nanofabrication have been recently 
developed, including micro-contact printing (soft lithography) [18,19], nanoimprinting [20,21], 
lithographically patterned electrodeposition [22], and a large number of self-assembling (SA) and 
self-organization (SO) techniques (see Refs. [1,17,23–27] and references therein). The latter 
techniques are particularly suitable in terms of low production costs; however, they lack the many 
degrees of freedom offered by EBL and FIB. In particular, the self-assembled (SA) and self-
organized (SO) techniques typically provide 2D meta-atoms with a monomeric configuration, 
usually in the form of isotropic nanoparticle or nanohole arrays with an electric dipole character 
of the plasmonic resonance [28–32]. Furthermore, more sophisticated dimeric and trimeric SA/SO 
configurations could be very beneficial for sub-radiant (and thus sharper) magnetic dipole 
resonances. To the best of our knowledge, until now, this is limited only to clusters [1,33,34] or 
disordered patterns [25], with no evidence of feasibility in highly ordered large-area structures 
obtained by SA/SO. If the number of available configurations of 2D SA/SO meta-atoms (such as 
the multi-layer nanodisk system previoulsy described) is limited, the situation is even worse for 
highly anisotropic (and eventually one-dimensional (1D)) configurations. The fabrication of such 
types of structures by SA/SO (and even by lithography assisted methods [35]) is significantly more 
challenging owing to the demand for both positional and orientational ordering over large area of 
the metasurfaces. However, they have potential to advance the SA/SO technology for plasmonic 
patterns, owing to the higher filling factor and homogeneity of the hot-spots, and can eventually 
provide novel functionalities related to the higher polarization sensitivity. 
In my PhD work I employed a multistep approach based on wrinkling enhaced IBS soda-lime glass 
templates (described in section 1.2.3 of this thesis) and kinetically controlled deposition for the 
confinement and engineering of self-organized plasmonic patterns with quasi-1D hybrid MIM 
(metal/insulator/metal) meta-atoms [36]. Highly ordered plasmonic arrays of NWs with rectangular 
cross-sections (nanostrips) in monomeric and dimeric MIM configurations were fabricated, thus 
approaching the engineering capabilities of EBL and FIB but on a significantly larger area, using 
a parallel process. The optical quality of the patterns was evaluated by comparison with full-wave 
numerical simulations of the transmittance spectrum in the entire visible (VIS) and near-infrared 
(NIR) ranges, performed by Prof. Della Valle (Politecnico di Milano). In particular, the presence 
of magnetic dipole plasmonic resonance for the nanostrip dimer configuration is revealed, also 
referred to as a gap-plasmon (GP) resonator [37–40]. As previously commented, this type of 
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resonance is attributed to the hybridization of elementary plasmons in engineered dimeric meta-
atoms, and leads to a superior sensitivity and higher field enhancement, compared with those of 
the dipolar plasmonic resonances for monomeric meta-atom configurations (see Refs. [39,41,42] and 
references therein). The magnetic dipole resonance is very sensitive to small variations of the 
morphological features of the meta-atoms; the activation and tailoring of these modes in the 
anisotropic SO plasmonic metasurfaces that will be presented in this chapter is thus a remarkable 
achievement, being the first example of fully self-assembled, large area GP in the state of the art, 
as far as our knowledge goes.  
3.1 – Results and discussion 
Fabrication of self-organized Au nanowire arrays on nanorippled glass templates 
The wrinkling mechanism typical of soft organic matter, described in section 1.1 and in chapter 2 
of this thesis, can enhance the nanopatterning of solid state, inorganic glass under ion irradiation, 
providing excellent rigid templates for the confinement of plasmonic structures, as described in 
section 1.2.3. These self-organized platforms will be exploited in the following chapters of the 
thesis for different large area plasmonic functionalizations.  
Highly ordered ripple nanopatterns are prepared over a large area (order of cm2) at the surface of 
a low-cost soda lime glass substrate using defocused IBS. During the IBS process, the substrate 
temperature is fixed at approximately 680 K in order to induce high-aspect-ratio nanostructures 
through ion-beam driven SO nanopatterning (see section 1.2.3 section for details and Ref. [43]). 
Under ion irradiation at an incidence angle of θ = 30°, a quasi-1D large area ripple pattern is 
obtained (see Experimental section) as shown by the scanning electron microscopy (SEM) image 
of Fig. 3(a). In the atomic force microscopy (AFM) image of Fig. 3(b) highly anisotropic 
nanoripples, as long as several micrometers, are observed, which are characterized by a 
pronounced vertical dynamic range, exceeding 110 nm, and lateral periodicity of approximately 
200 nm, as revealed from the 2D self-correlation pattern. The AFM line profile in Figs. 3(c) (not 
scaled) and 3(e) (scaled) evidence the ripple cross-section characterized by a typical height of 
approximately 80 nm and steep asymmetric faceted ridges. Indeed, the ridges exposed directly to 
the ion beam (negative values in the histogram of slope distribution in Fig. 3(d)) develop very 
steep facets whose measured slope reaches a value of –50°, which correspond to the deep grooves 
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of the pattern. It is worth noting that the broad slope distribution can be underestimated owing to 
tip convolution effects. The ripple ridges that are partially shadowed from the ion beam are less 
steep and characterized by a well-defined slope distribution with a peak at +30° (positive values 
in Fig. 2(d)). 
 
Figure 3: (a) Large-area SEM image of the rippled glass template metalized with a thin Au film; 
the white scale-bar corresponds to 5 μm. (b) AFM topography of the SO glass ripple pattern; the 
black scale-bar corresponds to 800 nm, while the blue line corresponds to the AFM ripple profile 
in (c). AFM line profile (not scaled) of the ripple corresponding to the blue line. (d) Histogram of 
the slope distribution of the ripple pattern in (b). (e) Scaled AFM line profile of the rippled glass 
template, highlighting the asymmetric shape of the SO glass nanostructures, and illustration of the 
glancing-angle Au deposition procedure. 
These asymmetric faceted templates are desirable for effectively confined highly ordered quasi-
1D arrays of plasmonic NWs with selected tilt and width, imposed by the ripple facets. As 
illustrated in Fig. 3(e), glancing angle gold deposition was performed perpendicularly to the ripple 
ridges with the Au-beam tilted at an angle of θ with respect to the surface normal. Under these 
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conditions, the local thickness of Au deposited on the selected facets is h = t0cos(θ–α), where t0 
represents the metal thickness that would be deposited on a flat surface normally oriented with 
respect to the Au beam, and α is the slope of the glass facet exposed to the Au beam. When a 
deposition angle of θ = 50° is selected, the Au-beam directly faces the ripple ridges tilted at α = 
+30° (as shown in the illustration), and laterally disconnected Au stripes are confined on the 
illuminated ridges, while the opposite facets remain completely shadowed. Under these conditions, 
the width of the Au-NWs’ cross section is imposed by the ripple template, while the local thickness 
h can be easily tailored, as it is proportional to the selected dose t0.  
The scanning electron microscopy (SEM) image in Fig. 4(a), acquired with a backscattered 
electron detector, shows Au NW arrays confined at θ = 50° on the “wide” facets of the rippled 
glass template with a local Au thickness of h = 22 nm. The brighter regions in the image reveal the 
presence of aligned and laterally disconnected Au nanostrips reaching a length of several 
micrometers. The statistical distribution of the Au-NWs’ projected width shown in Fig. 4(b), 
extracted from a series of SEM images, is unimodal with a peak at approximately wp = 87 nm, 
reflecting the conformal growth of the NW arrays with a pronounced lateral order. Taking into 
account the tilt α = 30° of the facet, we derive the mean NW width w = wp / cos(α) = (100 ± 10) 
nm, which corresponds to the size of the Au-illuminated ripple facets (Fig. 3(e)). The latter 
parameters are significantly improved compared with those of SO NW arrays prepared by direct 
IBS with polycrystalline Au films, which exhibit a very broad width (height) distribution in the 





Figure 4: (a) SEM images (back-scattered signal) of Au NW arrays confined on “wide” facets of 
rippled glass templates; the blue scale-bar corresponds to 4 μm. The inset shows a magnified SEM 
image of the same Au nanostripes; the scale-bar corresponds to 500 nm. (b) Statistical distribution 
of the width (wp) of the Au-NWs (shown in (a)) confined on the “wide” glass facets, projected on 
the sample plane. (c) SEM image and (d) statistics of the projected width wp of the Au-NWs 
confined on the “narrow” glass facets. 
In order to illustrate the possibility to tailor the geometrical parameters of the NWs, in Fig. 4(c) 
we show a SEM image of Au NW arrays confined on the “narrow” facets of the pattern, i.e., the 
steep ridges are tilted up to α = –50°. In this case, metal evaporation was performed at θ = –70°; 
the beam directly faced the steep ridges. The local thickness h was fixed to 22 nm. The statistical 
distribution of the projected width shown in Fig. 4(d) is unimodal, with a peak at a smaller value 
of approximately wp = 53 nm, which, considering the facet tilt, corresponds to an average NW 
width of w = (82 ± 10) nm. The NW arrays in Fig. 4 are expected to exhibit a well-defined and 
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anisotropic optical response in the VIS–NIR spectral range, owing to the excitation of localized 
plasmon resonances, whose wavelength can be tailored by modifying the NW shape. The breaking 
of the NWs along their major axis, at an average interval of approximately 2–3 μm (Fig. 4(a)), has 
two implications: (i) The translational invariance along this direction is broken beyond the spatial 
scale of the average length of the NWs; (ii) an inhomogeneous broadening of the plasmonic 
resonances can emerge, when the array is probed with large-area optical beams, as discussed 
below.  
The optical behavior of the Au NW arrays was investigated by measuring the extinction spectra in 
the VIS–NIR spectral range. The samples were illuminated with a polarized VIS–NIR light beam 
(light-spot diameter: 5 mm), and the transmitted intensity was then acquired at normal incidence. 
Figure 5(a) shows the optical transmission spectra with longitudinal (TE-pol, solid curve) and 
transversal (TM-pol, dashed curve) light polarizations (with respect to the NWs’ long axis (see 
inset of Fig. 5(a))). The blue curves represent the optical spectra that correspond to the Au 
confinement on the “wide” ripple facets, as illustrated in Fig. 3(e) and shown in the SEM image in 
Fig. 4(a). We observe a strong optical dichroism; for the longitudinal polarization (TE-pol), a 
decrease of the transmittance is detected for wavelengths smaller than 530 nm, owing to the 
excitation of Au interband transitions [45], similar to the optical response of a continuous Au thin 
film. For the transversal polarization (TM-pol), the transmission spectrum exhibits a pronounced 
transmission minimum (peak at 620 nm), attributed to the excitation of localized surface plasmon 
(LSP) resonance along the cross-section of the Au NWs. The gold wires are indeed laterally 
disconnected and characterized by a shape aspect ratio w/h of approximately 4.5, which 
corresponds to an LSP excitation in the VIS spectrum. The narrow distribution of the NWs’ width 
w, shown in Fig. 4(b), leads to a reduced spectral dispersion of the plasmonic resonance (the full 
width at half maximum amounts approximately to 130 nm). A strong enhancement of the TM-pol 
transmittance with respect to the TE-pol signal is observed in the spectral regions far away from 
the LSP resonance, i.e., in the near ultraviolet (NUV)-blue and red-NIR ranges. In this spectral 
range, metallic arrays behave as wire grid polarizers owing to the strong plasmonic excitation (see 
Ref. [46] and references therein).  
The plasmonic resonance of such arrays can be tailored in the VIS spectral range by performing 
Au deposition where the Au beam illuminates the steep and narrow facets of the rippled glass 
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template, i.e., those corresponding to negative slopes in the histogram in Fig. 3(d). When Au 
evaporation is performed at θ =70° with respect to the surface normal on the steep narrow facets, 
up to the same local thickness of h =22 nm, an array of narrow NWs separated by the large facets 
is formed, as shown in the SEM image in Fig. 4(c). The average periodicity is unchanged; however, 
the average width w decreases, hence the w/h aspect ratio decreases to approximately 3.7. Figure 
5(a) shows the spectra (red) of this alternative 1D grating that is characterized by the same local 
thickness h, but different NWs’ width w. Similar to the previous case, we observe a strong optical 
dichroism induced by the LSP excitation. However, the reduced NW aspect ratio w/h causes a 
significant blue-shift of the plasmonic peak down to 570 nm, while the FWHM of the resonance 
is reduced to approximately 70 nm. These results are in a quantitative agreement with those of the 
full-wave finite-element method (FEM) numerical simulations performed by Prof. Della Valle 
(Politecnico di Milano) (Fig. 5(b)).  
Figure 5: (a) Measured and (b) calculated optical extinction spectra of the Au NW arrays confined 
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on the rippled glass templates on the “wide” (blue trace curve) and “narrow” (red trace curve) 
facets of the pattern. The optical transmittance is shown for the longitudinal (TE-pol, solid trace 
curve) and transversal (TM-pol, dashed trace curve) polarizations of the light at normal incidence. 
The inset in (a) shows a top view of the sample; the arrows represent the electric fields under the 
TE (solid arrow) and TM (dashed arrow) polarizations. The inset in (b) illustrates the unit cell of 
the nanostrip array (period:~ 200 nm), employed for the numerical analysis (see Methods section 
for details). (c) Measured and (d) calculated optical extinction spectra of Au NW arrays confined 
on the “narrow” facets of the pattern. Red, blue, and green trace curves correspond to an 
increased Au local coverage with a thickness of h = 21, 41, and 110 nm, respectively. In the 
numerical simulations in (b) and (d), the heavy trace curves represent the simplified model with a 
symmetric environment (n1 = n2 = nef = 1.25) and scattered field formulation with perfectly 
matched layers (PML), whereas the light trace curves represent the more accurate model with a 
glass (n1 = 1.45) rippled substrate and air (n2 = 1) cover, obtained using the total field formulation 
with port boundary conditions. 
An alternative approach to achieve fine tuning of the optical/plasmonic response of the NWs array 
is to change the aspect ratio w/h of the meta-atoms, similarly to the PDMS case descibed in the 
previous chapter, by varying this time the local thickness h of the NWs (i.e., by varying the 
deposited dose), while keeping constant their width w, which is solely determined by the size of 
the illuminated facets (a constant parameter if the glancing-angle deposition conditions are not 
modified).  Figure 5(c) shows the optical extinction spectra of Au NWs deposited on narrow facets 
at 70°, for thicknesses h of 110, 41, and 21 nm. The mean optical transmittance gradually increases, 
while the LSP resonance red-shifts in a highly nonlinear manner. The red shift is negligible when 
h decreases from 110 to 41 nm; however, a further decrease to h = 21 nm leads to a red-shift of 
approximately 25 nm; this trend is also confirmed by the numerical simulations shown in Fig. 4(d). 
This highly nonlinear tunability of the plasmonic resonance with the aspect ratio, while keeping a 
constant w, is a signature of the retardation-based character of the LSP, typical for noble-metal 
nanostrip plasmonic resonators [47]. Therefore, we demonstrated the possibility to precisely 
confine highly ordered NWs arrays on SO faceted templates, achieving tunable plasmonic 
excitation in the visible range. Because of the limited width tunability of the glass template ripple 
periodicity, the NIR/IR range was not accessible as in the PDMS/Au NWs array described in 
chapter 2. In that case very wide Au NWs could be confined on the polymeric template and 
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retardation effects exploited to very efficiently redshits their LSPR. 
Plasmon hybridization in self-organized plasmonic dimers 
Owing to the high degree of order and slope selection, the SO arrays of tilted nanostrips represent 
a platform that enables natural lithography of vertically stacked metallic nanostrip dimers 
separated by a dielectric layer. Under this condition, a near-field coupling of the plasmonic fields 
of the individual nanostrips occurs, and multiple resonances are expected to appear owing to the 
plasmon hybridization [1,48,49]. Particularly intriguing for nanospectroscopy applications is the 
possibility to tune the plasmonic resonances in order to meet the requirements of the spectroscopy 
setup, and further increase the near-field enhancement, which is very beneficial for nonlinear 
spectroscopies such as SERS [50–53] and SECARS [4]. Electron beam lithography and ion-beam 
milling are widely employed fabrication methods to achieve plasmon hybridization in highly 
ordered nanostructure arrays, allowing complex configurations of meta-atoms, though on limited 
areas in the range of hundreds square micrometers [6,7]. However, as previously underlined, there 
are very few examples of plasmon hybridization engineering in SO/SA nanostructures, mostly 
dealing with clusters [1,54], or disordered patterns with a low flexibility in the available geometry 
of the meta-atoms, and consequently are less flexible in their optical response [18]. By employing 
the above SO method, I was able to combine the ability to pattern a relatively homogeneous 
metasurface, with an area on the order of square centimeter, with the control of the plasmon 
hybridization mechanism of highly anisotropic meta-atoms consisting of nanostrip dimers.  
The 1D NWs arrays confined on the “wide” ripple facets (see the SEM image in Fig. 4(a)) with w 
= 100 nm and h = 30 nm are employed as a platform for the further growth of a silica layer with a 
thickness of s = 42 nm. The silica thin film is conformally grown on the Au NWs by sputtering 
deposition at an incidence angle of θ = 50° using a SiO2 target. Then, after a glancing-angle Au 
evaporation at θ = 50° up to a local thickness of h = 30 nm, a 1D array of tilted dimers of NWs is 
obtained, as illustrated in Fig. 6(a). SEM images in Figs. 6(b) and 6(c) show a top-view and cross-
section of the SO Au-silica-Au dimers, respectively. The top-view image shows that the metal 
nanostrips are self-aligned and laterally disconnected according to the underlying pattern, as the 
Au NW arrays in Fig. 4(a).  
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Figure 6: (a) Illustration of the Au-silica-Au dimers confined on the faceted ripple pattern; w = 
100 nm, h = 30 nm, and s = 42 nm. (b) Top-view and (c) cross-section SEM images of the Au-
silica-Au dimers, respectively; the red scale bars correspond to 1 μm. (d) Illustration of the 
hybridization mechanism for the dimer configuration; the inhomogeneous broadening effects 
caused by a disorder of the array, which mainly affects the low energy supermode, are also 
considered. (e) Measured and (f) calculated (Comsol Multiphysics) optical spectra (transversal 
polarization) of Au NWs (black curves), Au-silica NWs (red curves), and Au-silica-Au dimers (blue 
curves), at normal incidence. Green trace curves in (f) represent the simulations of the Au-silica-
Au dimers without considering the disorder of the array, with (green dotted curve) and without 
(dash-dot curve) the effective environment approximation. 
The cross-section image clearly shows the dielectric silica layer (darker film) sandwiched between 
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two metallic strips (brighter films) that are vertically disconnected. The coupled nanostrips lie on 
parallel facets following the asymmetric saw-tooth profile, typical for the ripple pattern. Therefore, 
we can conclude that the SO process effectively facilitates conformal stacking of the Au-SiO2-Au 
layers with respect to the underlying ripple pattern, leading to the confinement of 1D arrays of 
vertically stacked NW dimers.  
The optical response of the arrays was monitored during the multi-step fabrication process by 
measuring the normal-incidence transmittance for both longitudinal and transversal polarizations. 
For the longitudinal TE-polarization the optical spectra of the Au-silica-Au dimers resemble that 
of the Au NWs, despite a reduced transmittance with a maximum at about 20%. For the transversal 
TM-polarization (Fig. 6(e)), a significant modification of the optical response is observed, which 
can be interpreted using the hybridization mechanism summarized in Fig. 6(d). The LSP resonance 
characteristic of the monomeric NWs (black curve in Fig. 6(e)) red-shifts from approximately 570 
to 620 nm when the metasurface is capped with silica (red curve in Fig. 6(e)). This shift is caused 
by the increase of the average refractive index of the dielectric medium surrounding the Au NWs, 
which can be attributed with the deposited sub-stoichiometric oxide SiO2–x on the surface by 
sputtering, which exhibits a higher refractive index, than that of the SiO2 target (we estimated that 
ncap = 1.75). The TM optical spectrum of the dimeric metasurface (blue curve) shows a splitting 
of the LSP resonance of the monomeric nanostrip configuration, with the formation of a high 
energy mode at approximately 550 nm and low energy mode at approximately 730 nm 
(wavelength). The observed hybridization behavior is confirmed by optical simulations of Prof. 
Della Valle (Fig. 6(f)), which show split plasmonic modes, spectrally overlapped with the 
measured data, except for the width of the low energy mode, which is significantly larger than that 
of an ideal (monodispersed) array of Au-silica-Au nanodimers (green dotted curve). We can 
identify the high and low energy modes as an electric dipole (ED) and magnetic dipole (MD) 
modes, respectively, as recently reported in studies on plasmonic meta-atoms [40,55].  
It is well known that the MD mode is superior with respect to the ED mode, in terms of sensitivity 
to small parameters variations [39,55]. Therefore, the MD resonance is more affected by the disorder 
of the SO pattern induced by the size distribution of the NWs (Fig. 4(b)), which is conformally 
replicated in the dimer configuration. In order to provide a quantitative estimation of the disorder 
effects on the broadening of the MD plasmonic resonance Prof. Della Valle performed stochastic 
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simulations of the TM optical response, based on the measured distribution of the NWs’ width w. 
The transmittance of the disordered array is shown in Fig. 6(f) (blue curve), which is in a good 
agreement with the measured spectrum in Fig. 6(e) (blue curve). We can conclude that the MD 
resonance is broadened by an inhomogeneous mechanism owing to the size distribution, an 
intrinsic feature of the SO patterning. 
Magnetic mode tunability and near field enhancement 
Analogously to the monomeric metasurface, by changing the morphological parameters of the Au-
silica-Au meta-atom, we can tailor the optical response of the dimeric configuration. In particular, 
we verified both experimentally and theoretically that by adjusting the thickness h (Au) and 
thickness s (silica) in the range of 20–40 nm, one can effectively control the hybridization 
mechanism to tune the plasmonic resonances in a broad range of wavelengths. Figure 7(a) and 7(b) 
show the measured and calculated TM spectra of dimeric metasurfaces, respectively, with different 
values of the (h, s) parameters: (30, 42) nm (blue curves), (20, 42) nm (green curves), and (20, 21) 
nm (red curves). A large red-shift of the MD mode from 740 to 850 nm is observed when the 
thickness h decreases from 30 to 20 nm, while maintaining a constant thickness of the silica spacer 
(s = 42 nm). The high-energy ED resonance is also red shifted, though only by 20 nm. We can 
conclude that the optical tailoring of hybrid plasmonic modes in nanostrip dimers is reminiscent 
of the retardation-based mechanism, which occurs at the single nanostrip level [39,47]. In addition, 
the high sensitivity of the MD resonance to the morphological parameters leads to an enhanced 
spectral shift. The MD resonance can be tuned even more efficiently by adjusting the thickness of 




Figure 7: (a) Measured and (b) calculated transmission spectra of the Au-silica-Au dimers, for 
transversal polarization with respect to the dimers’ long axis at an angle of incidence of 35°. The 
blue, green, and red curves correspond to (h, s) of (30, 42), (20, 42), and (20, 21) nm, respectively. 
The dashed curves in (b) represent the simulations without considering the intrinsic disorder of 
the pattern (see Experimental section for details). Simulations of the plasmonic electric (top 
panels) and magnetic (bottom panels) near-field enhancements of the Au-silica-Au dimers with (h, 
s) = (30, 42) nm, excited at (c) 540 nm and (d) 770 nm. The arrows represent the displacement 
current density at a representative moment of time. A typical ED configuration is observed at 540 
nm in (c), where the displacement currents have the same orientation in both nanostrips (from 
bottom left to top right), whereas a typical MD configuration appears at 770 nm in (d), with 
antiparallel currents in the two nanostrips, which leads to a current loop in the meta-atom and 
magnetic field concentration in-between the nanostrips. 
As an example, Fig. 7(a) shows a shift of the MD resonance by approximately 200 nm with the 
decrease of the silica spacer layer thickness from s = 42 nm (green curve) to s = 21 nm (red curve). 
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This large shift is in agreement with the one retrieved by the numerical simulations in Fig. 7(b), 
and can be explained using the hybridization theory. The thickness of the silica spacer layer (s) 
controls the proximity of the individual nanostrips, and thus the strength of the coupling C between 
their induced electric fields, which in turns determines the amount of splitting between the 
corresponding plasmonic resonances [56]. The coupling C, and consequently the splitting, increases 
with the decrease of s. In particular, the MD resonance is significantly more red-shifted, compared 
with the blue-shift of the ED mode, as typical for gold nanodimers in the VIS and NIR ranges [56].  
Regarding applications in optical spectroscopies and biosensing, the tunable plasmonic near-field 
enhancement induced by the excitation of the MD in the NIR range is particularly intriguing, as 
less energetic pump lasers mean lower sample damage and reduced  fluorescence background 
signal, which can interfere with Raman fingerprint recognition. Prof. Della Valle calculated near-
field distribution for dimers with typical sizes of (h, s) = (30, 42) nm shown in Figs. 7(c) and 7(d) 
(thermal color map), for excitations of the ED resonance at 540 nm and MD resonance at 770 nm, 
respectively. It is worth noting that a strong near-field enhancement occurs at the edge of the dimers 
in the range of few nanometers, where |E/E0| is approximately 3 for the ED mode and 
approximately 12 for the MD mode; E and E0 are the total and incident electric fields, respectively. 
These values are very promising, compared with those of single Au NWs arrays, which exhibit a 
field enhancement of approximately 4 at the LSP wavelength of 565 nm, especially considering 
that e.g. SERS gain is proportional to the fourth power of the local electric field. Moreover, the 
inhomogeneous broadening of the MD resonance leads to a multiplexed configuration of the MD 
hot spots of the metasurface, with different sites resonating at different wavelengths within a broad 
spectrum. This allows one to mitigate the design challenges in terms of matching of a given 
operation wavelength (e.g. pump laser wavelength in an SERS setup). Simultaneously, the 
resonance broadening leads to a dilution of the active hot spots, compared with the density of the 
meta-atoms, according to the ratio between the homogeneous broadening of the MD resonance 
(approximately 60–70 nm) and inhomogeneous broadening (order of 300 nm). However, the 
highly anisotropic configuration of the nanostrip dimers, with a characteristic length in the range 
of several micrometers (Fig. 4(a)), can still provide a relatively high hot-spots filling factor; 
compared with the localized hot spots provided by more conventional isotropic plasmonic patterns 




During my PhD I worked on a multi-step self-organization method based on defocused IBS and 
kinetically controlled deposition, allowing the fabrication of engineered plasmonic patterns on a 
large area. In particular, highly anisotropic plasmonic metasurfaces based on gold nanostrips in 
monomeric as well as dimeric configurations of the meta-atoms were fabricated. The SO 
fabrication method can control and tailor plasmonic resonances of NWs, in particular, the 
hybridization mechanism in molecular meta-atoms composed of two coupled gold nanostrips. 
With this approach it’s possible to engineer a magnetic dipole resonance with broadband tuning 
and subradiant features, by employing plasmon hybridization methods. The high sensitivity of the 
plasmonic resonances to small variations of dimers morphology required a challenging precise 
control of the configuration parameters during the SO fabrication. To the best of our knowledge, 
this is the first demonstration of such capability obtained by a large-area SO/SA fabrication 
technique. Taking into account the potentials of the subradiant high-field-enhancement, plasmonic 
resonances for nonlinear nanospectroscopies, including SERS and SECARS, and plasmon-
enhanced photon harvesting in solar and photovoltaic cells, these findings pave the way for a 
further development of the field. 
3.3 Experimental 
Samples fabrication  
A self-organized ripple pattern is induced at the surface of a soda-lime glass substrate by IBS. A 
defocused Ar+-ion beam with an energy of E = 800 eV is directed to the glass surface using an 
extraction grid polarized at V = –200 V, while a tungsten filament achieves charge neutralization 
through thermionic emission. The ion fluence is approximately 1.4 × 1019 ions/cm2. The obtained 
templates were employed to confine metal NW arrays by a thermal Au evaporation perpendicular 
to the ripples’ long axis. The thickness of the Au NWs was controlled by means of a calibrated 
quartz microbalance. A thin silica film is then conformally grown by sputtering deposition using a 
SiO2 target on the Au NWs, previously confined on the “wide” ridges tilted at α = +30°. In analogy 
with the previous evaporation step, and in order to ensure conformality, the silica film was 
deposited at an incidence angle of θ = 50°. In the final step, the dimer is completed by another 
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identical thermal evaporation of Au. The thickness of the Au and silica layers is controlled by 
means of a calibrated quartz microbalance. 
Optical characterization 
The optical response of the Au NWs and Au-silica-Au dimer arrays was investigated in the NUV–
VIS–NIR spectrum by measuring optical transmission at normal incidence. The radiation emitted 
by a compensated deuterium-halogen lamp (DH-2000-BAL, Mikropak) is fiber-coupled to a linear 
polarizer and pinhole (with a diameter of 5 mm) acting also as a sample holder, placed at the focus 
of the optical beam. The polarization of the incoming light, incident on the back side of the sample, 
can be selected as parallel (TE-pol) or perpendicular (TM-pol) with respect to the Au NWs’ long 
axis. A lens positioned at the opposite side of the sample, aligned with the illumination beam, 
focuses the radiation transmitted through the sample into a second optical fiber. Then, the signal 
is detected by a high-resolution solid-state spectrometer (HR4000 Ocean Optics) connected to a 
computer for the acquisition of the spectra. All spectra presented in this manuscript were 
normalized to the optical transmittance of a bare glass substrate.  
Morphological characterization 
The surface topography of the samples was investigated using both AFM and SEM techniques. 
The AFM topographies were acquired using the intermittentcontact mode with two different 
instruments (Nanosurf Mobile S and NanoMagnetic Ez-AFM) equipped with a high-aspect-ratio 
Si tip (ACL and ACSTA by APPNano; curvature radius: 10–20 nm). A thermionic emission SEM 
microscope (SU3500, Hitachi) operating under a high-vacuum condition was employed to acquire 
images, with an energy of the electron beam in the range of 5–10 kV. 
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Large Area Color Routing via Cross-Polarized Detuned Plasmonic 
Nanoantennas 
Introduction 
The investigation of optical phenomena at the nanoscale has witnessed an amazing development 
in the last decades, with particular interest to metallic nanostructures, supporting so-called 
plasmonic resonances and subsequent spatial localization of intense optical fields far below the 
diffraction limit [1–3]. A key feature of subwavelength metallic structures is their capability to 
provide amplified light scattering and strong near field confinement at the resonant frequency, thus 
behaving as optical nanoantennas [4–9].  Plasmonic nanoantennas have been thoroughly developed 
(also employing high refractive index dielectrics [10]) to demonstrate challenging functionalities 
in flat-optics nanodevices [11,12], including waveplates [13,14], polarization splitters [15,16], 
directional nanoemitters [17–19], unidirectional antennas [20–22], and multi-directional color routers 
[23–26]. The availability of broadband highly directive optical antennas is crucial for the 
development of a wide range of applications from optical sensors [2,27,28], to photonic harvesting 
[11,29,30] and biosensing [31–34]. When dealing with color routing, i.e. wavelength selective multi-
directional scattering, different strategies, comprising single or multi-element antenna systems, 
and different materials, have been so far explored, as summarized below: 
(i) The first approach relies on multi-element nanoantennas. The simplest configuration exploits 
the scattering interference between two asymmetric nanoantenna elements whose resonant 
oscillating dipoles are transversely aligned with respect to the incident beam, and separated by a 
fixed distance [23,24,35]. Unidirectional scattering (i.e. fully constructive interference on one side of 
the multi-element antenna and fully destructive on the other) is enabled by a large phase shift of 
the two oscillators with respect to the (driving) illuminating field, in the spectral range in-between 
their resonances. The wavelength selectivity, enabling color routing operation, is obtained via a 
symmetry breaking induced, e.g., by using two different materials for the two nano-antenna 
elements [23]. The unidirectionality can be also enhanced with several elements in order to realize 
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a downscaling of the classic RF Yagi-Uda antenna [20,36,37] or other array configurations [36,38,39]. 
The intrinsic limit to the multi-element antennas design is the strong sensitivity to the inter-distance 
between the individual elements, which demands for expensive top-down nanofabrication 
techniques. 
ii) Another approach exploits the near field interference of multiple (e.g., electric and magnetic) 
resonances simultaneously excited in the same antenna element. The color routing is achieved 
provided that one of the resonances undergoes an abrupt π phase shift with respect to the others, 
when scanning the spectral range of operation. This is typically accomplished with a magnetic 
dipolar resonance in all-dielectric nanostructures, allowing an abrupt change of the rotation 
direction of the in-plane eddy currents generating the magnetic field at optical frequencies [25,40–
42]. Relatively intense magnetic modes can indeed be excited in metallic nanostructures and 
interfere with the electric modes to form a unidirectional light scattering pattern.  This can be 
achieved by resorting to specific antenna geometries, e.g. gold split-ring resonators [43] or even 
nanodisk antennas [44], but does not induce any abrupt phase shift of the optical magnetic mode. 
Therefore, while plasmonic nanoantennas can be engineered to achieve unidirectionality [45,46], 
only dielectric and hybrid metal/dielectric antennas are suited for color routing [25,47]. This single-
element multiple-resonance approach deserves a quite complex engineering of the antenna shape 
and material composition, which, again, requires demanding top-down fabrication methods.  
iii) The third approach is based upon subwavelength wavefront manipulation by metasurfaces, 
with meta-atoms made of either single or multi-element nanoantennas. As for ordinary diffraction 
gratings, optical metasurfaces can be tailored to enforce reflection/transmission of selected 
diffraction orders. Also, by introducing spatial inhomogeneities along the plane, phase gradients 
can be implemented in order to provide either wavelength independent unidirectional scattering 
[48], or wavelength selective narrow-band bi-directional color routing operation [26,49]. Very 
recently, active metasurfaces for bias controlled directional scattering started to gain attention [50].  
All the proposed strategies to achieve color routing (especially the last one) rely on complex design 
of the nanoantenna geometry, inter-antenna gap and chemical composition. This usually requires 
a heavy computational effort and time-consuming lithographic nanofabrication processes, which 
are inherently limited to small areas. 
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During my PhD I worked on a novel approach to bi-directional passive color routing at optical 
frequencies, based on cross-polarized detuned plasmonic nano-antennas in a uniaxial (quasi-1D) 
bimetallic configuration [51]. The directional routing mechanism is based purely on the relative tilt 
and material composition of the nanoantenna elements, rather than on the interference of their 
resonant optical modes, which is actually inhibited by the cross-polarization configuration. In this 
way it’s possible to achieve broadband and highly effective color routing functionalities over large 
area (cm2) with much more relaxed fabrication constraints and requirements compared to the state 
of the art antenna design. This strategy can be effectively implemented by using the self-organized 
nanofabrication approach based on the hot Ion Beam Sputtering of soda-lime glasses described in 
section 1.3.2 of this thesis, and on the maskless confinement of plasmonic bi-directional antennas 
on these anisotropic wrinkled transparent templates. 
4.1 – Results and discussion 
Cross-Polarized Detuned Plasmonic Nanoantennas theoretical model and 
numerical simulations 
The concept behind the previously described approach is summarized in Fig. 1, where 
simulations by Prof. Della Valle (Politecnico di Milano) are presented. Let’s consider the two-
dimensional scattering problem of two cross-polarized electric dipolar scatterers, excited by a 
uniform plane wave with in-plane electric field (i.e. linear TM polarization) (Fig. 1a). If the two 
scatterers exhibit a resonant behavior with well separated scattering peaks (Fig. 1b), e.g., one in 
the blue (1) and one in the red (2), the blue light is mainly scattered at 90° with respect to the 
red light, with negligible superposition of the two spectral components in the far field along the 




Figure 1: (a) Sketch of the cross-polarized electrical dipoles for color routing with (b) detuned 
scattering spectra; (c) implementation with bimetallic nanostrips and (d) the actual scattering 
spectra of the gold monomer (red), of the silver monomer (blu) and of the dimer (black), retrieved 
by full-wave numerical simulations; (e) scattering diagram of the nanostrip monomers at their 
peak resonance wavelengths; (f) same as (e) for the nanostrip dimer, also showing the scattering 
diagram at an intermediate wavelength (in-between the two resonances). 
Such an ideal system can be implemented with a couple of tilted metallic nanostrips, which are 
well known to behave as dipolar scatterers, having a pronounced resonance under TM light, 
enabled by a plasmonic response [52]. The latter can be controlled and tuned by acting on the width 
(w) and height (h) of the nanostrips, as well as on the metal permittivity. Basically, the fundamental 
dipolar resonance wavelength of the nanostrip linearly scales with w, and is inversely proportional 
to h, whereas, for a given geometrical configuration, silver nanostrips resonate at shorter 
wavelengths compared to gold nanostrips [52]. Having this in mind, two dimensional plasmonic 
dimer made of a gold nanostrip with (w1, h1) = (100,12) nm tilted at 35° with respect to the x-axis 
and a silver nanostrip with (w2, h2) = (80,35) nm tilted at -55° (Fig. 1c) were designed. Finite 
element method (FEM) numerical analysis of the nanostrips scattering spectrum (Fig. 1d) retrieves 
a peak resonance wavelength at 1 = 500 nm for silver and at 2 =740 nm for gold isolated 
nanostrips (or monomers). The scattering diagram as a function of the polar angle Θ for the isolated 
monomers (Fig. 1e) exhibits the typical pattern of a dipolar scatterer, with two main lobes 
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orthogonal to the major axis of the nanostrip. In the dimer configuration, the scattering diagram, 
even though being more complex because of the near-field coupling between the two monomers, 
preserves the key features of the individual scattering patterns at the two resonance wavelengths 
(Fig. 1f). In particular, it is worth noting the wavelength dependent bidirectional behavior, 
characterized by a strong rejection of the blue wing of the spectrum at Θ ~ 140° and of the red 
wing at Θ ~ 40°, implementing the desired color routing operation.  
Bimetallic nanoantennas fabrication 
Even though conceptually simple, the design above detailed poses a fundamental challenge in 
terms of fabrication, because of the tilted configuration of the nanostrips and the requirement of a 
large area nanopatterning to allow flat-optics operation. Here, the self-organized nanofabrication 
based on  the anisotropic nanoscale wrinkling in glasses [53], already described in section 1.2.3 of 
this thesis, enables the effective engineering of tilted plasmonic nanostrip antennas in the form of 
cross-polarized metallic dimers lying on opposite ridges of a faceted dielectric template.  
 
Figure 2: (a) Atomic Force Microscopy (AFM) topography of the fabricated rippled glass 
template. Scale bar 1m (b) AFM cross section of nanoripples corresponding to green line in panel 
(a). (c) Histogram of the slope distribution extracted by the AFM image of panel (a). (d) Scanning 
Electron Microscope (SEM) images of the bimetallic metasurface detected in top view and (e) 
cross section configuration. Scale bars 1m and 600 nm, respectively. The inset represents a sketch 
of the unit cell cross section of the bimetallic surface. 
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A cheap soda-lime glass substrate (20 × 20 × 1 mm) is irradiated with a defocused Ar+ ion beam 
set at an incident angle of θ = 30° and at a low energy of 800 eV.  The glass temperature is fixed 
at about 680 K during the Ion Beam Sputtering (IBS) process. A quasi 1-D rippled pattern is 
obtained all over the macroscopic sample surface, with a wavevector parallel to the ion beam 
direction (Fig. 2a). The glass ripples are elongated for a length of several micrometers and show a 
remarkable degree of long-range order. The nanostructures are characterized by a steep asymmetric 
saw-tooth profile with a pronounced vertical dynamic of approximately 90 nm (Fig. 2b) and a 
wavevector periodicity of about 200 nm and assessed by the self-correlation function of the AFM 
topography. The ridges directly exposed to the ion beam develop a broad facet slope distribution 
(negative values in the slope frequency plot of Fig. 2c) peaked at about -50°. On the contrary, the 
ridges opposed to the ion beam (positive values in Fig. 2c) develop wider and very defined facets 
with slopes peaked at +35°. 
Such high aspect-ratio ordered rippled templates, with well-defined tilted facets are the ideal 
platform for the maskless confinement of plasmonic uniaxial nano-strip antennas (NSA) with 
controlled tilt and morphology. The controlled growth is achieved by grazing angle physical vapor 
deposition of metal atoms exploiting shadowing effects on the tilted ripple facets [54]. In order to 
fabricate the bimetallic dipolar antennas depicted in the theoretical model of Fig. 1c, I first 
confined Au NSA by glancing evaporation on the wider rippled facets which are tilted at +35° (see 
inset sketch in Fig. 2e). By the statistical analysis of SEM cross section images (Fig. 2e) the 
average Au NSA width w105 nm, controlled by the periodicity of the underlying template and by 
the local slope of the illuminated ripple facets, was assessed. The thickness of the Au NSA reads 
h12 nm and is determined by the sublimated metal dose and deposition angle (see Experimental 
section for details). As a second step, an insulating layer of sub-stoichiometric silica was grown 
on the sample at normal incidence by Radio Frequency Magnetron Sputtering. Finally, Ag NSA 
were confined on the narrower and steeper rippled facets with an average slope of -50°, on top of 
the conformally grown silica layer. Ag NSA average w and h are about 83 nm and 36 nm, 
respectively. The average dielectric gap separating the Au and Ag NSA corresponds to 40 nm, 
again evaluated from the SEM cross section analysis. The methods enables the controlled growth 
of subwavelength bimetallic antennas whose length exceeds several micrometers and form a large 
area quasi 1-D metasurface, as demonstrated by the top- view and cross-section SEM images (Fig. 
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2d, 2e). The image of the sample cross section (Fig. 2e) evidences the selective lateral confinement 
of nanoantennas on top of the tilted ripples ridges, thus well mimicking the cross section of the 
ideal structure sketched in the inset of Fig 2e.  
Transmission and scattering measurements 
Optical transmittance measurements at normal incidence were performed on the sample using a 
halogen/deuterium lamp source. Scattering measurements were instead acquired with a custom-
made scatterometer set-up, following the scheme sketched in Fig. 3l-3m (see Experimental section 
for details). The sample was illuminated from the glass side at normal incidence and the scattered 
light was collected at a fixed polar angle of Θ = 50°, as a function of the azimuthal angle Φ. For 
both transmittance and scattering measurements, the source light was linearly polarized 
orthogonally to the NSA long axis (i.e. TM polarization). The same optical measurements were 
performed also on two other samples: Au NSA, and Ag NSA, fabricated with the same 
morphological and geometrical configuration as in the complete bimetallic Au-Ag NSA. This 
allowed to investigate the properties of the final system as well as the optical behavior of its two 
building blocks. The optical transmittance and the scattering intensities measured for the Au, Ag 
and Au-Ag NSA samples are shown in Fig. 3d-f and Fig. 3g-i, respectively. Remarkably, for all 
the three configuration a directional scattering maximum is detected, which is resonant to the 




Figure 3: (a,b,c) Sketch of the Au, Au and Au/Ag NSA meta-atom cross section, respectively. (d,e,f) 
Measured optical transmittance at normal incidence for Au, Au and Au/Ag NSA arrays, 
respectively. All the spectra are normalized to the transmittance of the bare glass substrate. (g,h,i) 
Scattered light intensity detected at Θ = 50°, Φ = 0° (solid curve) and at Θ = 50°, Φ =180° (dashed 
curve) for Au, Ag and Au/Ag NSA arrays, respectively. The relative scattering scale intensity is the 
same for all the panels.  (l,m) Sketch of the optical set-up exploited for scattering measurements 
respectively shown in top- and side- view. 
As anticipated above, the scattering pattern of a plasmonic nanostrip antenna is expected to 
resemble the one of a dipolar antenna. The transmitted scattering maximum is then expected to be 
centered along the direction normal to the NSA major axis. When Φ = 0°, and Θ = 50°, scattered 
light collection is essentially facing the +35° tilted Au NSA (as it can be clearly appreciated in the 
inset of Fig. 3-l-m), i.e. the direction where the scattering intensity is expected to be stronger. 
Indeed, for this collection configuration (solid yellow curve in bottom panel of Fig. 3-g) the 
measured scattering intensity shows an intense and broad maximum centered around 750 nm. Note 
that the scattering maximum and the plasmonic transmittance dip are resonant (the slight frequency 
shift being ascribable to the well-known mismatch between absorption and scattering resonances 
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in plasmonic nanostructures), thus clearly demonstrating the plasmonic nature of the enhanced 
scattered light. When the collection of the scatterometer is set to the azimuthal angle Φ = 180°, the 
scattered light is measured along the direction of the Au NSA major axis. As a consequence, the 
scattering intensity drops by about an order of magnitude, in agreement with the radiation pattern 
simulations of Fig. 1e. Fig. 3e shows the transmittance measurement for the Ag NSA, with the Ag 
nanostrips confined on a silica layer grown upon the rippled glass template, to preserve the 
effective refractive index of the medium surrounding the NSA in the complete bimetallic NSA. 
The plasmonic transmittance dip is blue-shifted to 500 nm compared to the Au NSA, due to the 
different Ag NSA aspect ratio (w/h), and higher permittivity (in modulus) of silver compared to 
gold [55]. This time, when Φ = 180° (keeping Θ = 50°) the scattered light collection is perfectly 
aligned to the normal of the Ag nanostrips, which are tilted at -50°, and an intense scattering peak 
is recorded at resonance, i.e. around 500 nm, near the edge of our laser source spectrum (dashed 
grey curve in Fig. 3h). Note that the resonant scattering intensity of the Ag NSA is about 3 times 
higher than in the Au NSA, mainly because of the better optimized collection angle with respect 
to the NSA axis and also thanks to the higher optical density of Ag, which implies a larger Ag 
scattering cross section [52]. When the azimuthal angle is set to Φ = 0° the scattered light is 
collected in a direction parallel to the Ag NSA axis, which corresponds to the direction of minimum 
scattered intensity emission pattern (cf. Fig. 1). As a consequence, the collected scattering intensity 
considerably drops down (solid gray curve in Fig. 3h). Finally, the transmittance spectrum for the 
complete bimetallic Ag-Au NSA is shown in Fig. 3c. Two separate transmittance dips are 
distinguishable at 500 nm and 740 nm, which are associated to the plasmonic resonances of the 
Ag NSA and Au NSA monomers, respectively. When the azimuthal angle is fixed to Φ = 0° the 
collection of the scattering intensity faces the Au NSA and a scattering maximum is recorder at the 
Au NSA resonance of 740 nm (solid yellow curve in Fig. 3g), with negligible contributions from 
the Ag NSA (cf. Fig 3h, solid grey curve). When the azimuthal angle is set to Φ = 180°, the 
collection direction faces the Ag NSA, and a scattering intensity peak is recorded at the Ag NSA 
resonance of 500 nm, with negligible contribution from the Au NSA (cf. Fig 3g bottom panel, 
dashed yellow curve). Note also that the scattering from the Au-Ag dimeric NSA is partially 
attenuated with respect to the case of individual Au or Ag NSA building blocks, mostly because of 
non-resonant shadowing effects. Actually, even though hybridization is negligible in our detuned 
cross-polarized configuration (in agreement with the numerical simulations of Fig. 1), each 
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monomer is placed within the cross-section region of the other, thus causing an effective partial 
attenuation of the beam. Remarkably, the detected directivity figures highlight the high efficiency 
of self-organized bimetallic antennas in wavelength selective bidirectional scattering.  
This response is well explained in terms of the cross-polarized detuned plasmonic nanoantenna 
model. Provided the tilted nanoantennas configuration the Ag and Au NSA monomer resonantly 
scatters light to the “right side” at about 500 nm wavelength, and to the “left side” at about 740 
nm wavelegth, respectively.   
Scattering directivy of the large area, passive color router 
To quantify the color routing performance in our samples, we plot in Fig. 4 the Directivity spectrum 
(D), defined as follows: 
D(λ; Θ)  = 10 × log10  [
S(Φ = 0°, Θ; λ)
S(Φ = 180°, Θ; λ)
] 
The Directivity spectra at polar angles Θ = 30° and Θ = 50° are shown in Fig. 4 (top panels), 




Figure 4: Measured (a, b, c) and simulated (d, e, f) directivities at two different polar angles (Θ = 
30° in black, Θ = 50° in red) for: (a, d) Au NSA monomer, (b, e) Ag NSA monomer and (c, f) Au-
Ag NSA dimer configurations, respectively.  
Note that the monomeric configurations based on Au (Fig. 4a) or Ag (Fig. 4b) NSAs, even though 
giving rise to a wavelength dependent directional scattering, are not capable of bidirectional 
functionality, having no sign changes in their Directivity. Conversely, the bimetallic Au-Ag NSA 
uniquely provides an inversion of D as a function of the wavelength. The sign flips from negative 
to positive by increasing λ from the blue wing of the spectrum (dominated by the Ag NSA 
scattering) to the red one (dominated by Au NSA scattering), the zero being at around 620 nm (i.e. 
in correspondence to a local maximum of the transmittance spectrum of Fig.3f, placed in-between 
the two orthogonal plasmonic resonances of the dimer configuration). Remarkably, the maximum 
directivity values for both the monomer and dimer configurations are well within the same order 
of magnitude reported for lithographic antennas and, at the same time, show a uniform broadband 
response which is particularly evident in the NIR range [23,25,45].  
The quasi-1D nature of the arrays and the polydispersion of the NSA morphological feature lead 
to the absence of collective grating effects or surface lattice resonances in their optical features 
and also ensure the spectrally broad response of the LSP resonance (cf. Ref. [56] for details and 
Fig. SI1). Therefore, the optical properties of the NSAs are dominated by the resonant features of 
the unit cell, which is the typical regime of metasurface operation. Thus, the color routing 
properties of the system are not related to complex and/or restrictive collective geometries and 




Figure 5: (a) Azimuthal plot of the scattered light at polar angle Θ = 50° for 5 different 
wavelengths. (b) 90° scattering rejection ratio as a function of wavelength for left (red) and right 
(purple) routing operation. 
Finally, it is worth noticing that even though o implementation of the NSAs employs finite length 
(i.e. few µm long) structures, thus breaking the continuous translational invariance of the ideal 2D 
configuration, the measured azimuthal scattering pattern turns out to be well concentrated along 
the Φ = 0° and Φ = 180° directions of the color routing. This is especially true at around the 
plasmonic resonance wavelengths, as elucidated by the 90° scattering rejection ratio of Fig. 5b, 
defined as the ratio (in dB scale) between the light scattered at Φ = 0° (or Φ = 180°) and that 
scattered at Φ = 90° for a given polar angle (Θ = 50° in the present case). A related issue pertains 
to the polarization sensitivity of our structures, which belongs to the quasi-1D configuration [54,57]. 
To address this point, we have repeated all the optical experiments with TE polarization (electric 
field of the source parallel to the nanostrips i.e. orthogonal to their cross-sectional plane – see top-
view sketch in Figure 3l). The results indicate a very shallow directional scattering in terms of the 
azimuthal angle, and the absence of bidirectional wavelength sensitivity which is consistent with 
the basic theoretical argument according to which no plasmonic resonances can be excited under 
TE illumination.  
4.2 - Conclusions 
In this chapter I demonstrated broadband color routing from cross-polarized detuned plasmonic 
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nanoantennas, fabricated over a large area (cm2) via self-organized metal confinement on faceted 
glass templates. The latter represents a natural platform for guiding the growth of vertically tilted 
nanoantenna arrays in a single maskless step. The resulting plasmonic metasurfaces exhibit highly 
directional and wavelength selective properties which are widely tunable and not related to 
complex and/or restrictive collective geometries and morphological parameters, greatly relaxing 
the fabrication demands and related critical issues. All the main optical and scattering features of 
the structures can be effectively predicted by numerical simulations in which the key parameters 
(such as antennas tilt and materials dielectric function) can be readily implemented by our self-
organization methods. Since the scattering directivities of the proposed beam splitters are 
competitive with the figures of merit of lithographically patterned nanoantennas, these results can 
enable large-area real world metasurfaces to be operated as flat optics broadband color routers, 
with potential impact on a wide range of applications from telecom photonics, to optical 
nanosensing. 
4.3 - Experimental 
Tilted optical nanoantennas fabrication 
A soda-lime glass substrate (20*20*2 mm) is repeatedly rinsed in ethanol and acetone. The sample 
is then placed in a custom-made vacuum chamber and irradiated with an 800 eV low energy 
defocused Ar+ ion beam (gas purity N5.0). A biased tungsten filament avoids charge build-up 
through thermionic electron emission. The ion beam illuminates the glass surface at an incident 
angle of θ = 30° with respect to its normal. The ion fluence corresponds to 1.4 ×1019 ions/cm2 and 
the glass temperature is fixed at about 680 K during the Ion Beam Sputtering (IBS) process. After 
the rippled pattern is formed on the glass surface, thermal Au deposition is performed on the 
rippled facets at a glancing angle θ = 55° with respect to the flat sample normal. The Au beam 
directly illuminates the glass facets tilted at +35° while the opposite facets are completely 
shadowed. By means of a calibrated quartz microbalance, the thickness h of the Au stripes can be 
evaluated by basic geometrical arguments given the Au thickness (h0) deposited on a flat surface 
facing the crucible at normal incidence and the average slope of the illuminated facet measured 
with AFM as h=h0cos(55°- 35°). The sample is then put in a custom-made RF sputtering chamber 
where a layer of SiO2 is conformally grown all over the surface using a 3” quartz target. The silica 
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layer thickness was monitored by means of a calibrated quartz microbalance. The RF sputtering 
experiment is run in Argon atmosphere at a power P=60 W, sample-target distance d=8.5 cm and 
total pressure of about P=710-2 mbar. Finally, Ag stripes are confined on the rippled facets tilted 
at -50°, now coated with a conformal SiOx layer, by using the same strategy and arguments already 
described for the Au ones. 
Morphological characterization  
The rippled glass template morphology was characterized by means of an atomic force microscope 
(Nanosurf S Mobile), running in tapping mode. The average periodicity and slope of the glass 
ripples were computed from the statistical analysis of AFM topographies by means of WSxM 
software. Top view and cross section back scattered electrons images of the bimetallic 
nanoantennas array were acquired by means of a scanning electron microscope (Hitachi VP-SEM 
SU3500), operating in the 10-15 kV accelarating voltage range. Statistical analysis was performed 
on the SEM images by means of ImageJ software in order to evaluate the average antennas width 
and average antennas and silica gap thicknesses. 
Extinction and scattering measurements 
VIS-NIR extinction measurements were performed at normal incidence using a halogen-deuterium 
compensated lamp (DH-2000-BAL, Mikropak) as source and a solid-state spectrometer (HR4000, 
Ocean Optics), operating in the wavelength range 300−1100 nm, as detector. Scattering spectra 
were acquired by employing a custom made scatterometer which can collect light as a continous 
function of the azimuthal angle, for a fixed selection of polar angles. The sample was illuminated 
from the bare flat glass side with a Visible and Near-Infra-Red broadband laser source (SuperK 
COMPACT by NKT Photonics) pulsed at high frequency (~10 kHz) to have a stronger signal 
intensity. A fiber coupled spectrometer Ocean Optics HR4000 was again used as detector. For both 
extinction and scattering measurements, the light source was linearly polarized to investigate the 
anisotropic optical properties of the nanoantennas array. 
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Self-Organized Nanorod Arrays for Large-Area Surface Enhanced 
Infra-Red Absorption 
Introduction 
Infra-Red (IR) spectroscopy and nanoimaging [1–7] have recently attracted increasing attention due 
the possibility to probe vibrational modes of a broad range of molecular species in a non-
destructive way and to detect strongly subwavelength photonic and plasmonic modes in novel 
nanomaterials [8–12]. In particular Fourier Transform IR Spectroscopy (FTIR) [13,14] has enabled 
the direct detection of a variety of molecular vibrational modes in the Mid-IR spectrum (3 μm - 25 
μm), showing the great potential of IR spectroscopy in different fields ranging from nanophotonics 
[15,16] to biology and life sciences [4,17]. However, a very high number of absorption bands limit 
the possibility to clearly identify specific molecular features in the so-called fingerprint spectral 
region extending from 700 cm-1 to 1500 cm-1. Conversely, the vibrational modes of carbon- or 
nitrogen- based functional groups can be easily identified in the spectral window from about 2000 
cm-1 to 3500 cm-1 (functional group window).  
Despite the great advantage given by the low-energy excitation in the Near- and Mid-IR, the tiny 
vibrational absorption cross section practically limits the detection sensitivity in standard FTIR 
spectroscopy or in alternative configurations based on grazing incidence IR reflection-absorption 
spectroscopy (IRRAS) [18,19] on continuous metallic films, where vibrational signals of the order 
of 0.1% can be detected for molecular concentration at the monolayer level. Strong light-matter 
interaction of plasmonic nanoantennas [20–26] offers a unique opportunity for the effective 
improvement of the IR absorption sensitivity below the nM concentration level in Surface 
Enhanced Infrared Absorption Spectroscopy (SEIRA) [7,27–33].  Molecular infrared absorption is 
indeed proportional to the orientation of the molecule with respect to the incident radiation, to the 
change of the dipole moment and to the square of the local electric field at the molecule 
coordinates, at its absorption frequencies [34]. Plasmonic hot spots resonances can couple with 
sharp molecular vibronic fingerprints leading to a Fano-like electro-vibrational interaction and to 
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the enhancement of molecular infrared absportion signal by several orders of magnitude. The 
repoducibilty of SEIRA signal from plasmonic functionalized surfaces is an open issue shared with 
the SERS community. Recently, highly reproducible SEIRA activity has been demonstrated in 
well-defined noble metal nanoresonators engineered by top-down nanoscale lithography [27,28,31]. 
Here the nanoscale control on the nanoantennas size, shape and/or inter-spacing has given a deep 
insight into the more efficient nanoresonator configurations highlighting the key role of the active 
hot-spots for IR biosensing [7,31,35]. In parallel, IR detection has been recently demonstrated by 
exploiting lithographically designed nanodevices based on nanostructures or atomic two-
dimensional materials [30,7,36–38]. In this way high sensitivity and tunable IR optical response can 
be achieved but the lithographic nanofabrication practically limits the active sensing area in the 
range of 100 µm x 100 μm, demanding for highly focused optical beams and/or complex detection 
configurations [13-20].  
Conversely, the capability to detect and identify a set of molecules or biomarkers within unknown 
biological samples is highly desirable for all day life biomedical applications and has recently 
motivated the devising of advanced microfluidic biosensor chips [39,40] based on nanopatterned 
plasmonic templates.  The development of reliable, large area plasmonic platforms [41–44] thus 
represents a crucial issue in view of cost-effective biosensors potentially relevant for medical 
diagnostic and monitoring [45,46]. Real world applications require cost-effective methods able to 
control material functionalization over macroscopic areas thus enabling the excitation of 
statistically relevant ensembles of molecules. In the context of SEIRA spectroscopy pioneering 
experiments were performed by exploiting large area nanoparticle films [47,48] showing a relatively 
weak visibility of the IR molecular absorption in the range of 0.7%, and limited homogeneity over 
macroscopic scale.   
During my PhD I worked on self-organized (SO) nanorod arrays supported on large area (cm2) 
nanopatterned templates characterized by highly sensitive and reproducible biosensing capabilities 
[49]. The hot IBS soda-lime glass nanopatterning process previously described (in section 1.2.3 of 
this thesis and exploited for the plasmonic funcionalizations presented in chapter 2, 3 and 4 of this 
thesis) was modified to enable a maskless, single step method for the engineering of short aligned 
Au nanorod arrays. Such functionalized surfaces show polarization-sensitive broadband plasmonic 
modes tuned across the Near- and Mid-IR spectral region (2500 cm-1 - 5000 cm-1), resonant with 
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the so-called functional group window. Under this condition superior Surface Enhanced Infra-Red 
Absorption sensitivity at the monolayer level over macroscopic sensor areas was demonstrated. 
The peculiar capability of this SO approach to engineer aligned plasmonic nanorods with high 
density (∼40 μm-2) of nanoscale gaps allows to strongly enhance the SEIRA sensitivity with 
respect to alternative large area plasmonic templates characterized by active antennas spread on 
the surface (density ∼ few μm-2 [48]). The self-organized engineering of the active hot-spots enables 
the detection of Fano-like lineshapes in SEIRA from self-assembled monolayers of Octadecanthiol 
(ODT) molecules with visibility improved up to 5.7 % and high stability over large area.  This 
figure arises from an enhancement factor of the single SO plasmonic antennas of about 75000 
which is competitive to lithographic antennas [27,35] confined on microscopic active areas, thus 
enabling large-area IR spectroscopy and applications in cost-effective broadband on-chip 
biosensors. 
5.1 Results and discussion 
IR optical characterization of self-organized “long “Au nanoantennas  
The optical characterization of Au NW arrays grown on hot IBS nanorippled soda-lime glasses, 
analogous to the ones described in Chapter 3 (section 3.2), was extended in the Near- and Mid-IR 
spectral range by means of FTIR spectroscopy (Fig. 1e). The average NWs width is 100 nm while 
their thickness is 23 nm. As clearly shown by the spectra of Figure 1e, in extinction configuration 
a strong optical dichroism has been detected across the whole Near- and Mid-IR spectral region, 
as well as in the alredy investigated Near-Ultra-Violet (NUV) and Visible spectral windows. In 
this chapter, comapred to all the other thesis chapters, I will use for convenience wavenumbers 
instead of nanometers to express photonic wavelenghts, and a different nomenclature of 
polarization configurations in the presentiation of the spectroscopic data. Here the normal 
incidence optical transmittance detected for two different polarizations of the incident light, either 
transversal (T┴ - (TM in other chapters) - dashed line, see sketch in Fig. 1c) or longitudinal (T|| - 
(TE in other chapters) - continuous line) to the nanostripe long-axis, is shown. In the NUV 
spectrum above 19000 cm-1 (wavelength λ below 526 nm) the optical response is dominated by 
the excitation of s-d interband transition in gold. In the VIS spectrum a narrow-band transmittance 
minimum is selectively detected for transversal polarization (dashed line in Fig. 1e) at about 16670 
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cm-1 (i.e. λ =600 nm) due to the excitation of a Localized Surface Plasmon (LSP) resonance along 
the nanostripes confined axis [20,50,51]; a high transparency up to 96% is instead detected in the 
Near- and Mid-IR spectral range due to the strongly subwavelength confinement in laterally 
disconnected nanostripes. 
 
Figure 1: a,b) AFM topography and cross section profile, respectively, of a high aspect ratio 
rippled glass template. The scale bar in panel a) corresponds to 800 nm. c,d) Large area and 
zoomed SEM image  of quasi-1D Au nanostripe arrays confined on the self-organized glass 
template. The scale bars in c) and d) correspond to 5 μm and 1 μm, respectively. e) Optical 
transmission spectra of the Au nanostripe arrays detected for longitudinal (continuous line) and 
transversal (dashed line) polarization of the incident light with respect to the nanostripes axis. The 
spectra characterize the response of the arrays from the Mid-IR to the Near-UV spectral region.  
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Conversely, for longitudinal polarization, the transmittance spectrum is dominated by a monotonic 
decrease within the whole detected IR window below 8000 cm-1, due to the stronger Au reflectivity 
at lower frequencies. Remarkably, the large area metasurface shows a large linear IR extinction 
ratio ER= T┴/T|| in the range of 4 – 12 μm, highlighting a potential of these templates as cost-
effective polarimetry components in flat-optics [52–54]. The detected optical behavior suggests that 
the plasmonic resonance of stripes as long as several micrometers (Fig. 1c, 1d), when measured 
parallel to their long axis, is eventually red-shifted below 2000 cm-1 beyond the transparency range 
of the substrate. 
Fabrication and morphological analyis of self-organized "short" Au 
nanoantennas 
Interestingly, following top-down lithographic approaches [22,27,28,32], the near-field confinement 
in plasmonic nanoantennas can be exploited for selectively amplifying vibrational modes from IR-
active molecular layers which are tuned in the frequency range of the functional group window 
(i.e. 2000 - 3500 cm-1). In order to red-shift the plasmonic excitation in the relevant spectral range, 
the SO method has been modified for engineering the shape of the metallic nanoantennas, with the 
aim to decrease the characteristic length of the nanostripes down to the sub-micrometer range. By 
tailoring the ion beam irradiation of the glass substrate at the early stages of the process (i.e. 
reducing exposure time down to 300 s, fluence  2.3 x 1018 ions/cm2) the possibility to reduce the 
length of the wrinkle structures, preserving their anisotropic alignment was demonstrated. In 
particular, as shown in the AFM topography of Figure 2a, at the glass surface highly dense 
nanoripples are formed whose typical length is in the sub-micrometric range. Despite the self-
organized patterning is here interrupted at an early stage, an anisotropic ripple morphology with a 
pronounced vertical dynamic up to 30 - 40 nm and lateral periodicity of about 90 nm is promptly 
formed (AFM image and cross section profile in Fig. 2a, 2b), thanks to the occurrence of the ion 
induced wrinkling instability [section 1.2.3 of the thesis and Ref. 55]. The peculiar presence of 
faceted ridges becomes obvious in the cross-section profile along the y axis (see Fig. 2a and b) 
which corresponds to the histogram of local slopes, α = tan−1(
∂z
∂y
) in Fig. 2c, characterized by a 
bimodal distribution peaked at  ±30°, respectively. The AFM topography of Figure 2a reveals that 
the ripple ridges, elongated in the horizontal direction, have a length that is broadly distributed 
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from about 200 nm up to about 1 m. As a comparison, for the much higher ion doses of 1.4 x 
1019 ions/cm2 employed in Figure 1a, the coalescence of the short ripples into elongated faceted 
ridges extending up to several micrometers has taken place.  
 
Figure 2: a,b) AFM image and cross section profile, respectively, of aligned glass nanorods 
engineered by defocused ion beam irradiation. The black scale bar in panel a) corresponds to 400 
nm. c) Histogram of the characteristic lateral slope,  α = tan−1 (∂z ∂y⁄ ), of the glass nanorods 
pattern extracted from the AFM image. d) SEM image the Au nanorod arrays confined on the glass 
template. The blue scale bar in d) corresponds to 1 μm. e) Histogram of the Au nanorod length 
extracted from a statistic of SEM images acquired over an area of the order of few mm2. 
In analogy to the first sample (Fig. 1), the peculiar faceted morphology of the SO wrinkled glass 
template enables the confinement of highly oriented tilted plasmonic antennas in register with the 
dielectric facets. However, here the glancing angle Au evaporation has been optimized in order to 
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fully exploit the presence of inter-ripples defects favoring the longitudinal disconnection of the Au 
nanostripes. In particular, we selected an out of plane polar angle θ = 80° and an in-plane azimuthal 
angle φ = 30° (see side and top view sketches in sketches of Fig. 2b, 2d respectively).  Under this 
condition it’s possible to control longitudinal disconnections of the Au nanostripes tailored by the 
SO template at the micrometer and sub-micrometer level.  The SEM image of Figure 2d clearly 
shows both laterally and longitudinally disconnected Au nanorod antennas supported by the 
faceted glass pattern. The local thickness h of the nanorods has been kept fixed at 23 nm, as in the 
case of Fig. 1, while the change of the nanopatterned template and of the metal deposition angle 
has induced a decrease of the mean nanorods width w to about 60 nm. The distribution of the Au 
nanorods length, L, is shown by the histogram of Figure 2e, obtained by analyzing a statistic of 
SEM images and highlighting a broad sub-micrometric distribution of rods length, ranging from 
about 100 nm up to 1.3 μm. This figure shows the capability to strongly tailor the nanostripe length 
by using the SO method here proposed; indeed, a strong reduction of the characteristic nanorods 
length from several micrometers (Fig. 1c, 1d) down to the sub-micrometer range (Fig. 2d) has been 
achieved.  Remarkably, a key feature of this SO templates in view of cost-effective biosensing 
applications is the homogeneity of the nanorods morphology and periodic order over large area 
samples typically extending up to 2×3 cm2 (see inset picture in Fig. 2e).  
IR optical properties of “short” Au nanoantennas and SEIRA measurement on 
ODT monolayer 
The broadband plasmonic near-field enhancement at the surface of the nanorod arrays, originated 
by the length distribution in Fig. 2e, can be exploited for selectively amplifying the molecular 
signal from a self-assembled monolayer of ODT on the surface, grown by the group of Prof. 
Annemarie Pucci in Heidelberg University (see Experimental section for the sample preparation 
details). The anisotropy of the Au nanorod arrays induces a strong dichroism in the optical behavior 
(Fig. 3a). Due to the reduction of the characteristic length of the nanorods in the sub-micrometer 
range, a broadband plasmonic resonance is now detected for longitudinal polarization of the 
incident light (T|| -continuous line in Fig. 3a). Under this condition a blue-shift of the plasmonic 
mode in the relevant functional group spectral window is clearly revealed by comparison with the 
spectrum of long nanostripes (Fig.1e). The wide distribution of nanorod lengths (Fig. 2e) induces 
a broadband plasmonic resonance across the Near- and Mid-IR spectrum, extending from the 
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frequency of 2500 cm-1 to about 5000 cm-1. This effect can be attributed to inhomogeneous and to 
homogeneous broadening, i.e. the incoherent superposition of the extinction signal from the array 
of nanorods characterized by a broad length distribution and the near-field coupling between 
antennas [56].  
 
Figure 3: (a) Near-Ultra Violet, Visible and Near-/Mid-Infra-Red (IR) optical transmission 
spectra of Au nanorod arrays supported on glass templates. The spectra refer to the bare Au 
nanorods sample shown in Fig. 2 d for longitudinal (T|| - continuous line) and transversal (T⊥ - 
dashed line) polarization of the excitation with respect to the nanorod long axis.  b) Detail of panel 
a); zoom into the funcional group spectral window where optical modulations due to the presence 
of active molecules can be clearly appreciated. c) Vibrational signal from the ODT monolayer 
extracted from the spectrum of Fig. 3a as [T|| T⊥⁄ ]detected
− [T|| T⊥⁄ ]optical backgroud
. The SEIRA 
spectra show the characteristic vibrational modes of the ODT molecule which are peaked at 2850 
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cm-1, 2918 cm-1 (i.e. symmetric and antisymmetric stretching mode of the functional group CH2) 
and at 2877 cm-1, 2960 cm-1 (i.e. symmetric and antisymmetric stretching mode of the functional 
group CH3).  
Indeed, in Fig. 3b it can be seen how the longitudinal optical transmittance T|| is strongly modulated 
by the presence of the active molecules in the spectral range between 2800 cm-1 and 3000 cm-1, 
where the vibrational modes of ODT are expected [27]. Conversely the molecular absorption is 
negligible for transversal polarization transmittance, T┴; this can be attributed to a small fraction 
of Au nanorods which detached during the molecular coating process (Fig. 4).  
 
Figure 4: SEM image of Au nanorod arrays acquired after the dip-coating with the ODT solution.  
Prospectively, this minor effect could be easily avoided by fixing the plasmonic nanostructures on 
the substrates with a nanometric adhesion layer (e.g. Cr, Ti) thus further improving the efficiency 
and stability of the nanorod templates. The dichroic optical response allows to easily normalize 
the detected signal by using the non-resonant polarization as a reference without need of 
comparison between different samples. We evaluate the vibrational signal as the difference 
between the detected relative transmittance [T|| T⊥⁄ ]detected
 and the optical background from the 
bare plasmonic arrays prior to ODT deposition, [T|| T⊥⁄ ]optical backgroud
, extracted as a fit from the 
spectra. The vibrational spectrum of Figure 3c shows multiple resonances characterized by 
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asymmetric line shape recalling Fano-like line shapes. In particular, two modes are detected at 
about 2850 cm-1 and 2918 cm-1 corresponding to the spectral position of the symmetric and 
antisymmetric stretching mode of the CH2 functional group. Remarkably, the vibrational modes 
show a peak to peak amplitude enhanced up to 1.3 % and 2.8 %, respectively, which is a result 
comparable to the typical signals detected by using lithographic nanorod antennas [27,35]. 
Additionally, the SO plasmonic nanoantennas enable the highly sensitive detection of weaker 
vibrational modes of the CH3 group at 2877 cm-1 and at 2960 cm-1, which are due to symmetric 
and antisymmetric stretching, respectively.  
Electromagnetic finite difference simulations (performed by our collegues in Heidelberg) allow to 
determine the characteristic size of antennas which are resonant in the functional group window, 
within a simplifying model which considers antennas as half-cylinder structures [35]. Under this 
assumption we obtain that antennas with lengths of about 760 nm have a longitudinal plasmonic 
resonance tuned to the ODT stretching vibration modes (i.e. 2800 cm-1- 3000 cm-1) [27]. However, 
a red-shift of the whole broadband plasmonic resonance is here expected with respect to the ideal 
simulation due to the non-cylindrical cross section of the antennas (aspect ratio h/w∼0.4), to the 
inter-antenna coupling in the array, to the effect of the dielectric substrate and to the phase delay 
upon reflection at the non-ideal antenna terminations [20,57]. The resonant antennas coupled to the 
ODT vibrational modes are thus expected to be shorter compared to the value suggested by 
simulation and to the case of decoupled lithographic antennas [32]. 
Fano-type coupling and SEIRA enhancement factor 
The Fano-type coupling between the vibrational dipoles of the molecules and the plasmonic near-
field at the hot-spots of the nanorod antennas leads here to the selective amplification of the 
molecular absorption lines [27,58]. In parallel, the detuning of the resonantly coupled excitations, 
i.e. of the narrow-band vibrational mode and the broadband plasmonic resonance, induces the 
characteristic asymmetry of the modes which is well explained by the Fano theory [59]. The latter 
describes the coupling of the modes using the extinction line shape function: 




with  ε =  2(ω − ωvib)/Γ , ωvib  corresponding to the resonance frequency of the vibrational 
excitation, q to the asymmetry parameter, and Γ to the vibrational linewidth. By using this 
lineshape, the fit of the experimental data has been performed by the group of Prof. Pucci, 
obtaining a characteristic asymmetry parameter q =-1.5, which accounts for the coupling and for 
the phase shift between the vibrational and the plasmonic mode.   
 
In parallel, the SEIRA activity can be evaluated in terms of the enhancement factors (EF) with 
respect to the signal detected in IRRAS (VIRRAS) from an ODT monolayer coating a gold surface 











∙ (ns + 1) ,   (Eq. 2) 
 
where C is the area coverage of the Au nanoantennas on the surface and ns = 1.5  is the refractive 
index of the substrate. Based on the SEM statistics we estimate C ≅ 15 % by conservatively 
considering all the Au nanorods with length L ≥200 nm as potentially active sites. However, it has 
been cleared out [27,29,35], that the measured SEIRA signal arises only from the molecules that are 
located at the hot spots of the nanoantennas, in correspondence to their ends. In order to improve 
our strong overestimate of the SEIRA active areas we evaluate the tips area by considering the 10 
nm long apexes of each nanorods via SEM statistics (Figure 2d), corresponding to an effective 
surface coverage Ceff ≅ 0.6 %. Under this assumption we obtain that the characteristic 
enhancement factor of the resonant nanorod antennas (sample A) reads EFeff ≅ 55000. We stress 
that this figure is competitive with the efficiency of lithographic nanoantenna arrays [60,61] even 
though EFeff is underestimated since in the evaluation of Ceff we included all rods lengths, 
including those strongly detuned from the molecular resonance which can be considered as nearly 
inactive.  
Hot spot density engineering 
In order to further improve the nanorod arrays sensitivity for biosensing, the vibrational response 
of the ODT monolayer has been inspected on a second sample (sample B) where the density of 
active hot spot sites was increased by slightly reducing the ion fluence in the nanopatterning 
123 
 
process (SEM image in Fig. 5a). The detected vibrational signal is shown in Figure 5b. The SEM 
morphology and vibrational signal of Sample A are reported for comparison in Fig 5c,d 
respectively. In analogy to sample A, a strong vibrational response is detected (blue line in Fig. 
4b) which is characterized by a Fano line-shape of the modes with asymmetry factor q = -1.3, 
which is very similar to the value obtained for sample A (i.e. q = -1.5). Indeed, the broadband 
nature of the plasmonic resonance allows to preserve the phase delay between the plasmonic 
excitation and the vibrational stretching modes, despite the slight change of the distribution of 
antennas length and/or shape. This is a remarkable feature that allows to exploit these large area 
templates to perform large area vibrational spectroscopy at constant phase delay. In parallel, 
sample B shows a further enhancement of all the vibrational modes, with the peak-to-peak 




Figure 5 – (a,c) SEM images acquired in the backscattered channel with a primary beam energy 
of 15 kV for sample B (a) and sample A (c) which are characterized by increasing density of active 
hot spots. The blue scale bars correspond to 1 μm. (b,d) Vibrational signal from the ODT 
monolayer for sample B (b) and sample A (d) . In panel b) the vibrational signal detected with the 
IR optical microscope (blue line – optical spot of 100 μm size) is compared with the signal detected 
with a standard IR spectrometer (black line - optical spot of 3 mm size).  
Since the density of antennas longer than 200 nm is here increased by 50 % with respect to sample 
A, we estimate for sample B an effective coverage corresponding to the active tip area Ceff ≅
0.9 % and in turn to an enhancement factor EFeff ≅   75000 which is further improved with 
respect to the case of lithographic nanoantenna arrays [60,61] and of sample A. This result highlights 
the importance of non-linear amplification of the vibrational signal when increasing the density of 
the active sites, which can be attributed to the strong near-field localization in nanoscale inter-
antenna gaps.  
 
The homogeneity of the detected vibrational enhancement over a macroscopic area has been also 
demonstrated by probing the molecular monolayer with a conventional large spot IR spectrometer 
(diameter of the optical spot of about 3 mm). The vibrational signal detected under large-area 
probing of the ODT monolayer (Fig. 5b - black curve), clearly shows full quantitative agreement 
with respect to the micro-spectroscopic measurement (Fig. 5b - blue curve), demonstrating the 
high degree of homogeneity of the plasmonic antennas arrays. This reproducible and stable SEIRA 
response, in parallel with the highly stable Fano line highlights the strong potential of these SO 
nanorod-antenna arrays for large-area amplitude and phase-sensitive IR spectroscopy and 
biosensing. 
5.2 Conclusions 
During my PhD program I worked on the cost-effective engineering of self-organized nanorod 
antennas featuring dichroic plasmonic functionalities in the Near- and Mid-IR spectral range. The 
exploitation of the novel SO nanopatterning approach combining ion induced wrinkling in glasses 
with glancing angle metal evaporation has been further developed for tailoring the morphology 
and the optical response of quasi-1D Au nanorod antennas supporting the selective excitation of a 
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broadband LSP resonance in the Near-IR for longitudinal polarization. This enables the highly 
sensitive detection of molecular monolayers active in the IR functional group window tuned with 
the low-frequency tail of the plasmonic resonance. Under this condition highly sensitive SEIRA 
spectroscopy has been performed on self-assembled monolayers of ODT molecules coating the 
plasmonic templates. The high density and efficiency of active hot-spots on the SO nanorod arrays 
allows to detect homogenous Fano lineshapes with amplitude reaching up to the 5.7 % and 
enhancement factors per antenna in the range of 104 - 105, demonstrating improved performances 
with respect to state of the art lithographic nanoantennas. Remarkably the broadband nature of the 
plasmonic resonance enables high stability of the Fano lineshape even on different samples, thus 
enabling large area amplitude- and phase-sensitive IR spectroscopy, multiplexed biosensing and 
cost-effective biomedical applications. 
5.3 Experimental 
Glass nanopatterning  
Standard microscope glass slides (soda lime glass) are heated up to 685 K, near their glass 
transition temperature, and irradiated with a defocused ion source (Ar+) of energy of 800 eV at the 
incidence angle θ=30° with respect to the normal direction to the surface. During the ion irradiation 
process the glass surface is kept electrically neutral by exploiting the thermoionic electron 
emission from a tungsten filament negatively biased with respect to the sample at Vbias=-13 V. 
Under this condition highly ordered faceted nanopatterns can be achieved if the ion irradiation is 
prolonged for 1800 s (i.e. ion fluence of 1.4x1019 ions/cm2), as shown by the AFM topography of 
Figure 1a,b. 
Sample preparation for SEIRA measurements 
The Au nanorod arrays have been treated with oxygen plasma at 150 W at 0.4 mbar for 3 min to 
provide a clean gold surface for sulfur binding of the Octadecanthiol (ODT, CH3(CH2)16CH2SH) 
molecules. These procedures were performed by the group of Prof. Pucci in Heidelberg University. 
According to a literature recipe, the samples were exposed to a 1 mM solution of ODT (Sigma-
Aldrich, purity: 98%) in ethanol for exactly 24 h [19,33]. Under this condition, the ODT/Au sulfur 
bonding promotes the formation of a SAM monolayer on top of the nanorod arrays. In order to 
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avoid unbound ODT on the surface, the samples were carefully rinsed afterwards and dried them 
with nitrogen gas. This procedure results in a uniform coating with a thickness of around 2.8 nm 
[33] of the IR active ODT which in principle is below the detection limit for an IR transmittance 
measurement [47]. To provide optimal measurement conditions, resulting in flat baselines, the 
references (glass substrates) were treated in the same way as the samples. By doing so, influences 
due to the solvent or the plasma cleaning procedure on the substrate cancel out in the 
measurements. 
Microscopic and Standard IR-Spectroscopy 
The optical response of the samples was investigated in the NUV–VIS range by my group in 
Genova using a compensated deuterium-halogen lamp (DH-2000-BAL, Mikropak) fiber-coupled 
to a linear polarizer and pinhole (with a diameter of 5 mm) acting also as a sample holder, placed 
at the focus of the optical beam. The polarization of the incoming light, incident on the back side 
of the sample, can be selected as parallel (TE-pol) or perpendicular (TM-pol) with respect to the 
Au NWs’ long axis. A lens positioned at the opposite side of the sample, aligned with the 
illumination beam, focuses the radiation transmitted through the sample into a second optical fiber. 
Then, the signal is detected by a high-resolution solid-state spectrometer (HR4000 Ocean Optics) 
connected to a computer for the acquisition of the spectra. All spectra presented in this chapter 
were normalized to the optical transmittance of a bare glass substrate.  
 
The microscopic IR measurements have been carried out by the group of Professor Pucci in 
Heidelberg by using a Bruker Hyperion 1000 IR microscope, coupled to a Bruker Tensor 27 FTIR 
spectrometer in transmittance geometry. A polarizer within the beam path allows to align the 
electric field component of the incoming IR radiation either along the nanorods’ long axis (parallel) 
or perpendicular to it. In order to avoid disturbing absorptions of water vapor or carbon dioxide in 
the measurement, the whole beam path was purged with dry air. The signal was detected by using 
a mercury cadmium telluride (MCT) detector which was kept at liquid nitrogen (LN2) temperature 
We used a spectral resolution of 2 cm-1 and an aperture size of 104.2 µm in diameter for the 
measurements. Each spectrum is averaged over several hundred scans in order to provide a high 
signal to noise ratio, allowing the careful analysis of the molecular ODT vibrational signature. In 
order to obtain only information from the gold nanorods, relative measurements were carried out, 
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which means that the measurements of the structured sample were referenced to the measurements 
of the reference glass substrate. IR spectroscopic measurements, using an aperture with a diameter 
of 3.0 mm, were done by using a Bruker IFS66v/S spectrometer in transmittance geometry. In this 
case, the whole beam path was evacuated to 5 mbar to avoid atmospheric distortions. For the 
measurements, a resolution of 2 cm-1 and either perpendicular or parallel polarized light were 
chosen. Several hundred scans were averaged in order to obtain a high signal to noise ratio, 
measured with an MCT detector, kept at LN2 temperature. As already explained for the 
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Large area blazed nanogratings for unidirectional Surface Plasmon 
Polariton excitation and SERS detection  
Introduction 
Surface plasmons polaritons (SPP) are electromagnetic modes propagating at the interface between 
a conductive and an insulating material due to resonant oscillations of conduction electrons 
plasmas. Their propagating nature makes them interesting for waveguiding applications, which are 
not enabled by Localized Surface Plasmons (LSP) [1–3 and references therein]. SPP modes can be 
excited by photons under selected conditions, thus confining their energy in subwavelength 
volumes at the interface producing an electric field enhancement which esponentially decays away 
from it. This property makes these optical mode intertesting for enhanced spectroscopies such as 
Surface Enhanced Raman Spectroscopy (SERS) and Plasmon Enhanced Fluorescence (PEF) [4–8]. 
The sensitivity of the SPP resonance to the refractive index of the sorrounding dielectric medium 
enables optical refractive index sensor devices, already employed in commercial applications [9]. 
However, photon-SPP coupling is not possible by direct illumination, as already discussed in depth 
in section 1.3.2 of this thesis, and particoular strategies have to be adopted [2,3]. One of these 
strategies consists in using diffraction gratings at the metal/dielectric interface to modulate the 
incoming photons wavevector to couple them to the SPP one thus allowing the mode excitation 
[5,7,8,10–12]. 
In this chapter I demonstrate how the self-organized rippled soda-lime glass templates, prepared 
by the innovative wrinkling-enhanced Ion Beam Sputtering (IBS) method described in the 
previous chapters (and in detail in section 1.2.3 [13]), can operate as large area, subwavelenght, 
quasi-1D blazed grating enabling the unidirectional excitation of propagating Surface Plasmon 
Polariton modes at the interface with thin conductive films conformally grown on top, in IMI 
(insulator-metal-insulator) configuration [16]. Such a sample is tested in SERS measurements for 
detection of methylene blue molecules. I demonstrate how the SERS gain is strongly correlated 
with the electric field enhancement produced by the excitation of SPP modes by comparing SERS 
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and co-localized micro-extinction measurements. It will be shown how the large area self-
organized SPP launching platform is very versatile as simply chosing the conductive material to 
grow of top of the rippled glass template allows the tailoring of the plasmonic response in a wide 
spectral range, going from the near UV to the near IR, and possibly beyond considering 
semiconductive materials. This makes these semi-transparent, large area, self-organized plasmonic 
systems interesting for a broad range optoelectronic applications. 
6.1 Results and discussion 
Fabrication of the rippled Au/soda-lime gratings 
The nanorippled soda-lime glass template, described in section 1.2.3 and chapter 3, 4 and 5 of this 
thesis, fabricated by hot IBS, has been prepared for SPP plasmonic functionalization. A soda-lime 
glass sample (20 × 20 × 1 mm) is irradiated with a defocused Ar+ iom beam at a low energy of 800 
eV and at θ = 30° incident angle with respect to the sample surface normal. The resulting quasi 1-
D ripped pattern with wavevector parallel to the ion beam direction (Fig. 1a) is characterized by a 
steep asymmetric sawtooth profile, with a pronounced ripples vertical dynamic of about 80 nm 
(Fig. 1b) and periodicity of around 200 nm [13]. The ripples periodicity is assessed by the 2D self-
correlation function of AFM images obtained by means of the WSxM software (Fig. 1d), by 
calculating the distance between the self-correlation function maximum and the first neighboring 
peak along the line profile of Fig. 1e. As discussed in the previous chapters of the thesis, the ridges 
directly exposed to the ion beam develop a broad facet slope distribution peaked at about -50°. On 
the contrary, the ridges opposed to the ion beam develop wider facets with a narrow slope 
distribution peaked at +35° (see section 1.2.3). The ripples profile in asimmetric and thus the 
nanostructured glass surface can be considered as self-organized (SO), quasi 1D, blazed (or 





Figure 1: a) AFM topography of the rippled glass surface. b) AFM line profile corresponding to 
the black bar in panel a). c) Cross section sketch of the two step Au deposition process on the 
asymmetric sawtooth rippled profile of the soda-lime glass surface. d) 2D self-correlation function 
of the AFM image of panel a). e) Self-correlation function line profile corresponding to the black 
bar in panel d). f) Top view SEM of the Au covered rippled surface, acquired in the backscattered 
electrons channel, with acceleration voltage of 15kV. The yellow bar corresponds to 500 nm. 
Au is then deposited on the rippled glass template by grazing angle thermal deposition. To grow a 
uniform thin Au film on the asymmetric rippled surface, the deposition is performed in two steps. 
The first deposition step is performed at the angle θ1=15° with respect to the sample surface 
normal, over the right side of the ripple profile (Fig. 1c). In this condition the Au beam forms a 
20° angle with respect to the local surface normal of the “wide” facets. At the same time an angle 
of 65° is formed between the Au beam and the local surface normal of the “steep” facets. Thus 
during the first deposition step the Au thickness deposited on the left side of the ripple can be 
estimated as hleft-1=h0  cos20°, while on the right side the thickness is hright-1=h0  cos20°, where 
h0 is the equivalent Au thickness on a flat substrate. During the experiment h0 is the parameter 
which gets actually measured by means of a quartz microbalance. The second Au deposition step 
is performed at the angle θ2=30° with respect to the sample normal over the left side of the ripple 
profile (Fig. 1c). Now the Au beam forms a 20° angle with respect to the “steep” facets and a 65° 
angle with respect to the “wide” facets local surface normals; the situation is now opposite 
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compared to θ1 conditions and hleft-2=h0  cos65° while hright-2=h0  cos20°. To grow an 
approximately uniform Au layer over the asymmetric slope modulate ripple profile it’s sufficient 
to impose a desired thickness h and solve one of the following equations for h0: 
{
hleft−1 + hleft−2 = h0  cos20° + h0  cos65° = h
hright−1 + hright−2 = h0  cos65° + h0  cos20° = h
 
In this way a thin film of Au with thickness h=25 nm was conformally grown on the rippled glass 
surface. The top-view Scanning Electron Microscopy (SEM) image in Fig. 1e shows how gold 
covers the sample surface. At this point the rippled Au film/soda-lime glass template can be 
considered as a IMI (insulator-metal-insulator) SO blazed diffraction grating where the rippled 
modulations constitute the quasi-1D grating grooves.  
SPP shift with grating periodicity 
The coupling of light with SPPs at the metal/dielectric interfaces is enabled by the grating-
mediated momentum transfer of incoming photons, required for the plasmonic excitation to take 
place (see section 1.3.2 of this thesis for theoretical insight and Refs. [2,3]). 
Such possibility is investigated by normal incidence linearly polarized optical transmission 
measurements (Fig. 2a). 
Figure 2: a) Normal incidence transmission measurements of a function of polarization. TM 
polarization corresponds to the continuous red curve, while TE polarization corresponds to the 
black dashed curve, as sketched in the panel inset. b) TM normal incidence transmission spectra 
acquired for different periodicity of the Au/soda-lime blazed grating; 183 nm (black curve), 194 
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nm (red curve), 203 nm (green curve), 211 nm (blue curve), 223 nm (cyan curve). c) Plot of 
resonant wavelength vs. the grating periodicity. 
For TE polarization (Fig. 2a, dotted black curve) the electric field oscillates parallel to the 
diffraction grating grooves (ripples long axis); in the considered spectral range, the sample 
transmission curve resembles the one of a Au flat thin film, similarly to what we observed in the 
case of disconnected Au nanowire (NW) arrays on rippled polydimethylsiloxane (chapter 2) and 
rippled soda-lime glass (chapter 3).  For TM polarization (Fig. 2a – continuous red curve) the 
electric field oscillates orthogonally to the diffraction grating grooves (ripples short axis) and a 
strong dichroism is observed as transmission shows a broad minimum centered at the wavelength 
λ of about 660 nm. At variance with the case of disconnected NWs, the transmission minimum for 
TM polarization cannot be associated with the excitation of a Localized Surface Plasmon 
resonance (LSP – see section 1.3.1) because in this case the Au layer forms a continuous conformal 
coating; the transmission dip is instead attributed to the excitation of a propagating SPP along the 
continuous thin rippled Au film, enabled by the momentum exchange generated by the photon-
grating interaction. To further investigate the phenomenon, we can exploit a natural feature of our 
hot IBS fabrication process which leads to the formation of SO glass templates with a periodicity 
gradient due to a slightly different ionic dose at different sample locations. Indeed, the IBS 
irradiation is performed at non-normal incidence and this creates a slight modulation of ion dose 
over the sample length along the ion beam incident direction, because of different point to point 
distance from the ion source: considering a periodicity =200 nm in the central area of the glass 
template (Fig. 1a) we can get a grating periodicity modulation of about ±15% moving from the top 
to the bottom of the sample along the projection of the ion beam. In Fig. 2b we show TM 
transmission spectra acquired at different samples coordinates and we associate to each spectra a 
different grating periodicity at the optical spot, evaluated by means of AFM microscopy. In Fig. 
2c the transmission dip minimum of each curve is plotted against the corresponding grating 
periodicity. The SPP resonant wavelength (transmission minimum) redshifts linearly and 
monotonically starting from the smaller considered periodicity (=183 nm – black curve in Fig. 
2b) to the bigger one (=230 nm – cyan curve in Fig. 2b). As the grating periodicity gets bigger a 
smaller momentum, defined by kG = n
2π
Λ
, is exchanged in the photon-grating interaction where n 
is an integer number either positive or negative. A monotonic redshift of SPP resonance is thus 
138 
 
expected with increasing grating periodicity. 
SPP shift with light beam angle of incidence 
To further investigate and strengthen the attribution of the observed optical mode to a SPP mode, 
I performed transmission measurements as a function of the sample tilt relative to the light beam. 
The sample is illuminated from the glass side and the signal is coaxially collected in extinction 
configuration. The sample is tilted forming an angle θ between the incident light beam and the 
surface normal (Fig. 3a). The sample rotation is performed counter-clockwise, that is reducing the 
angle formed by the incident light beam and the local surface normal of the wide facets of the 
rippled Au/glass template (Fig. 3a). In Fig. 3b transmission spectra are plotted for different sample 
tilts. 
 
Figure 3: a) Sketch of the tilted transmission (T) measurements configuration. The red arrow 
kphoton represents the light beam incoming from the glass side. Θ is the angle formed between the 
light beam and the normal to the flat sample surface. The x arrow defines the axis along the metal 
dielectric interfaces. In the inset the direction of oscillation of the incoming electric field Einc (red 
arrow) and the out of plane magnetic field Binc (black dot) are represented. b) TM transmission 
measurements as a function of Θ; 0° (black curve), 10° (royal blue curve), 20° (blue curve), 30° 
(cyan curve), 40° (yellow curve), 50° (orange curve), 60° (red curve). c) Extinction maps 
(calculated from the transmission spectra as 
1−T(%)
100




The transmission dips redshift monotonically with sample tilt, confirming the propagating nature 
of the observed optical mode. For the highest tilt θ=60° (red curve in Fig. 3b) an additional, weak 
relative transmission minimum is observed at about λ=540 nm. In Fig. 3c the wavelenght 
dependent extinction map (computed as 
1−T(%)
100
) is plotted against both wavelenght λ and sample 
tilt θ. The non-dispersive blueish extinciton band centered at about 530 nm is clearly associated 
with the spectral edge at the onset of Au interband transitions, while the strong and dispersive red 
band describes the SPP mode which intensifies and broadens with increasing sample tilt. 
The monotonic redshift of the SPP resonance with increasing sample tilt (i.e. with increasing 
projection of photon wavevector kph in the positive x-direction) suggests the counter-propagating 
nature of the SPP mode with respect to the incident light beam direction. This trend can be 
reconciled considering that the grating allows to exchange momentum kG = n
2π
Λ
 in discrete units 
and the effective wavector component kx along the x axis can be derived according to the well-
known relation (Eq. 40 in section 1.3.2 of this thesis): kx = |kph| sin θ +  n
2π
Λ
  where kph is the 
modulus of photon wavevector, θ is the angle formed by the light beam with the normal to the flat 
sample surface (Fig. 3a), λ is the periodicity of the Au/soda-lime grating in the region of the optical 
spot and n is an integer number, either positive or negative. In particular, given the wavevector of 
the photon in correspondence to the SPP mode and the periodicity Λ of the grating, one observes 
that for negative n values kx decreases for increasing values of θ.  
Comparison of the experimental data with a simple effective medium model 
In order to achieve a qualitative comparison of the observed trends in Fig. 4 we plot the SPP 






 where 1 is the real part of Au the dielectric functions and ε2 is the one of the dielectric 
layer facing the Au slab. The SPP branch corresponds to the counter-propagation of the SPP at Au-
dielectric interface with effective refractive index ni=2.4 – light blue line (the dashed line is the 
dispersion relation of light in the dielectric medium). The experimental SPP points, associated to 
the transmission dips of Fig. 3b, are plotted in terms of kx = |kph| sin θ +  n
2π
Λ
 assuming n=-1, 
i.e. incoming photons with positive momentum kx couple with a SPP with negative kx, via exchange 
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I stress that the qualitative comparison of Fig. 4 is just intended show the general trend of SPP 
dispersion since one should take into account that the Au film is so thin (t=25 nm) that coupling 
between plasmon polaritons propagating at the two interfaces of the slab cannot be neglected. A 
quantitative analysis of our data following such approach goes beyond the scopes of my work but 
it is nevertheless possible to derive some useful hints by comparing with results derived for Ag 
films [14,15]. In these examples significant coupling and hybridization of the SPP modes occurs for 
Ag film thickness below 91 nm. In particular one observes that the antisymmetric SPP mode 
(termed Long-Range SPP) increasingly redshifts form the normal SPP branch when film thickness 
decreases (see e.g. Fig. 3 of ref. [14]). Additional features which must be considered in explaining 
the experimental redshift of the SPP energy are related to the fact that the real metal interface is 
corrugated at both sides while the SPP dispersion relation refers to and ideal flat film. 
 
Figure 4: Dispersion relation of a SPP propagating at the Au/dielectric interface (solid blue curve) 
and light line of a photon travelling in the dielectric medium (dashed blue curve). Experimental 
data is plotted as squares. 
SERS measurements 
As well as for localized plasmon resonances confined at nanoparticles, also near the interface of a 
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metal supporting an SPP one can experience enhancement of the electric field confined in the 
vertical direction (see section 1.3.2). With this in mind we recurred to SERS/micro-extinction 
measurements in order to probe the SPP near field enhancement on the rippled Au/soda-lime 
blazed grating. For this purpose, I was hosted by the laboratories of Consiglio Nazionale delle 
Ricerche – Istituto per i processi Fisico-Chimici (CNR-IPCF) in Messina, Italy) under the 
supervision of Prof. Pietro Giuseppe Gucciardi to perform such experiments. The sample is kept 
in a methylene blue (MB) 10-4 M solution for an hour and then rinsed in de-ionized water for 10 
minutes. SERS measurement are then performed with polarized pump lasers of both 638 and 785 
nm of wavelentgh in TM configuration, using a 100x objective, at different sample coordinates. 
Co-localized optical micro-extinction measurements are contextually performed at the same 
coordinates by simply switching to a 10x objective for collection and to a polychromatic lamp 
source, illuminating the sample from the glass side in TM polarization. SERS signal of MB is then 
measured under equivalent conditions on a flat Au film with a thickness of 150 nm, to be used as 
reference. To compute the SERS gain of the rippled Au grating at the different sample coordinates, 
we selected the characteristic MB Raman peak at 1625 cm-1 integrating the total counts under the 
peak and dividing by the integrated counts of the same MB peak measured on the reference flat 
Au film, paying attention to normalize the result to the same laser power and integration time. The 
so defined SERS gain, plotted as a function of the sample coordinates for the 638 and 785 nm 
pump lasers, shows a monotonic increasing trend as reported in Fig. 5a and Fig. 5b respectively.  
As previously discussed, the SPP resonance spectrally shifts when moving at different sample 
coordinates due to a spatial dependence of the SO grating periodicity (Fig. 2b). It’s thus possible 
to nicely correlate the intensity of the plasmonic extinction strength at the pump lasers frequency, 
which is responsible for the SERS near field enhancement, with the co-localized SERS gains. After 
background subtraction the extinction values at the pump lasers wavelenghts of 638 nm and 785 
nm are then plotted as a function of sample position in Fig. 5c and Fig. 5d, respectively. 
Remarkably, the intensity of TM extinction and of the co-localized SERS gain are very strongly 
correlated for both pump laser wavelengths as a function of sample coordinates thus confirming 
that the observed SERS signal is indeed matched with the strength of the SPP induced electric near 





Figure 5 – a,b) SERS gain of MB molecules signal with 638 and 785 nm pump lasers, respectively, 
in different sample coordinates. c,d) Plasmonic extinction values at 638 and 785 nm, respectively, 
as a function of sample coordinates, derived from Raman co-localized transmission measurements. 
It must be noticed that when using the pump laser at 638 nm one also excites an electronic 
transition in MB molecules. This is known to greatly enhance the cross section of Raman emission 
already on the flat Au film, so that Surface Enhanced Resonant Raman Spectroscopy (SERRS) is 
actually achieved an indeed the maximum reported SERRS gain for MB with the 638 nm laser 
turns out to be relatively small, in the order of 102. On the other hand, when using the pump laser 
at 785 nm excitation is non-resonant with the MB electronic transitions and conventional SERS is 
performed: in this case the maximum gain turns out to be in the order of 3x103, a substantial figure 
which compares well with SERS substrates exploiting localized plasmon resonances at 
disconnected nanoparticles. We can thus consider the present observations of relevance in view of 
bio-sensing applications since it is possible to reduce the NIR laser pump power (and in turn, 
reduce sample damage and fluoresce background) while still keeping relevant the SERS gain in 
the near infrared range of the spectrum.  
We can easily demonstrate the tunability and generality of our large-area, self-organized SPP 
launching platform by growing a thin film of another conductive material, silver instead of gold, 
on top of the glass rippled template. The thickness of the Ag film is kept at 25 nm as in the Au 
case. Optical transmission measurements with polarized light at normal incidence are reported in 




Figure 6 - Normal incidence transmission measurements of a function of polarization for the 
rippled Ag/soda-lime glass SO blazed grating. The solid blue curve corresponds to TM 
polarization while the black dashed curve to TE polarization. 
For TE polization (electric field parallel to the grating grooves - black dashed curve in Fig.6) we 
can again observe the typical behaviour of an Ag thin film, with the onset of interband transition 
blueshifted with respect to the Au case (Fig. 2a), out of the measured spectral range.  For TM 
polarization (electric field orthogonal to the grating grooves – blue solid curve in Fig. 6) we 
observe the excitation of an SPP associated with the transmission dip centered at about 490 nm. It 
is worth to note that in the Au case, for a similar grating periodicity of about 180 nm, the SPP 
resonance is found at 603 nm (black curve in Fig. 2b). By replacing Au with Ag a blueshift of 
almost 110 nm of the SPP resonance is obtained, due to the higher plasma frequency of silver 
compared to gold, keeping all the other morphological parameters fixed. This demonstrates the 
wide tunability of the plasmonic properties of our SO rippled thin metal film/soda-lime gratings 
in the near UV and visible range of the spectrum by simply choosing a metal with a higher electron 
density. Following a similar approach one could imagine shifting the SPP excitation in the NIR-
IR range by growing on top of the rippled dielectric template a thin film with a reduced free carrier 




In this chapter I demonstrated how self-organized rippled soda-lime glass templates, prepared by 
an innovative hot Ion Beam Sputtering method, can operate as large area, subwavelenght, quasi-
1D blazed gratings enabling the excitation of propagating Surface Plasmon Polariton modes at the 
interface with thin conductive films (Au and Ag) conformally grown on top of them. A rippled 
Au/soda-lime grating sample showed remarkable SERS activity in the detection of methylene blue 
molecules. I demonstrated how the SERS gain is strongly correlated with the electric field 
enhancement produced by the excitation of counter-propagating SPP modes by comparing SERS 
and co-localized micro-extinction measurements. The SERS gain observed employing a 785 nm 
pump laser is particularly striking, making the sample interesting for bio-sensing applications with 
low fluorescence background. The large area self-organized SPP launching platform is very 
versatile since, by simply choosing the conductive film conformally grown of top of the rippled 
template, allows to tailor the plasmonic response in a wide spectral range extending from the near 
UV to the near IR, and possibly beyond considering the use of semiconducting materials.  
6.3 Experimental 
Sample fabrication 
A soda-lime glass is heated up to 680 K, and irradiated with a defocused ion source (Ar+) of energy 
of 800 eV at the incidence angle θ=30° with respect to the normal direction to the surface. During 
the ion irradiation process the glass surface is kept electrically neutral by exploiting the 
thermoionic electron emission from a tungsten filament negatively biased with respect to the 
sample at Vbias=-13 V. Under this condition highly ordered faceted nanopatterns  with asymmetric 
faceted sawtooth profile can be achieved if the ion irradiation is prolonged for 1800 s at the 
pressure of 4  10-4 mbar (i.e. ion fluence of 1.4x1019 ions/cm2). See section 1.2.3 of this thesis for 
more details. After the rippled pattern is formed on the glass surface, thermal Au deposition is 
performed on the rippled template at the pressure of about 10-5 mbar in the two step process 
described in the “results and discussion” section, to grow an Au thin film of approximately 
homogenous thickness on the slope modulated glass surface. 
Morphology characterization 
The rippled glass template morphology was characterized by means of the atomic force 
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microscope Nanosurf S Mobile. The average periodicity and slope of the glass ripples were 
computed from the statistical analysis of AFM topographies by means of WSxM software. Top 
view SEM images were acuired in back scattered electrons by a thermionic Hitachi VP-SEM 
SU3500, operating with15 kV accelarating voltage. 
Optical characterization 
For transmission measurement perfomed at normal incidence, the radiation emitted by a 
compensated deuterium-halogen lamp (DH-2000-BAL, Mikropak) is fiber-coupled to a linear 
polarizer and pinhole (with a diameter of 5 mm) acting also as a sample holder, placed at the focus 
of the optical beam. The polarization of the incoming light, incident on the back side of the sample, 
can be selected as parallel (TE-pol) or perpendicular (TM-pol) with respect to the Au NWs’ long 
axis. A lens positioned at the opposite side of the sample, aligned with the illumination beam, 
focuses the radiation transmitted through the sample into a second optical fiber. Then, the signal 
is detected by a high-resolution solid-state spectrometer (HR4000 Ocean Optics) connected to a 
computer for the acquisition of the spectra. For non-normal incidence transmission measurements 
the sample is placed on a stage provided of a tilting movement and placed on the optical beam path 
using the same set-up described for the normal incidence case. All the titlted transmission spectra 
are normalized to the optical transmittance of a bare glass substrate tilted at the corresponding 
sample tilt. 
SERS and co-localized extincion measurements 
Samples (rippled Au/soda-lime glass and reference flat Au thin film on bare soda-lime glass) are 
kept in a 10-4 MB solution for an hour and the rinsed in de-ionized water for 10 minutes. SERS 
and optical micro-exticntion measurments are performed with a Horiba XploRA Nano. For SERS 
pump lasers of both 638 and 785 nm of wavelengt have been employed, using a 100 x objective. 
Micro-extinciton measurments have been performed co-locally switching the source to a 
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The focus of my PhD project consisted in the development of self-organized, large area, 
industrially scalable physical methods based on wrinkling instabilities to nanopattern and 
functionalize tunable plasmonic polymeric PDMS and solid-state glass surfaces, both transparent, 
non-toxic and cheap materials, for applications of significant technological interest in photonics 
and bio-sensing.  
 
I achieved anisotropic wrinkling of PDMS polymer templates recurring to air plasma treatment on 
pre-stretched samples. The rippled templates are employed for the confinement of anisotropic, 
highly ordered, self-organized Au nanowires. For polarized light in the direction orthogonal to the 
NW long axis, Localized Surface Plasmon Resonance of both dipolar and multipolar nature are 
excited. The possibility to efficiently tune the Au structures LSPR into the infrared range of the 
spectrum due to retardation effects makes these flexible samples excellent candidates for 
biosensing application like e.g. in Surface Enhanced Raman Spectroscopy (SERS). 
 
The wrinkling nanopatterning mechanism typical of soft organic matter can enhance the 
nanopatterning of solid state, inorganic glass subject to hot Ion Beam Sputtering (IBS) near their 
glass transition threeshold, providing excellent rigid nanorippled faceted templates for the large 
area confinement of plasmonic structures. I exploited these exceptional surfaces for different 
plasmonic functionalizations.  
 
I engineered the confinement of plasmonic dimers on the nanorippled glass templates in the so 
called gap-plasmon configuration, showing magnetic dipole resonances with broadband tuning 
and subradiant features, by employing plasmon hybridization methods. The high sensitivity of the 
plasmonic resonances to small variations of dimers’ morphology required a challenging precise 
control of the configuration parameters during the self-organized fabrication. To the best of my 
knowledge, this is the first demonstration of such capability obtained by a large-area, self-
organized fabrication technique. Taking into account the potentials of the subradiant high-field-
enhancement, plasmonic resonances for nonlinear nanospectroscopies and plasmon-enhanced 
photon harvesting in solar and photovoltaic cells, these findings pave the way for a further 
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development of the field. 
 
I exploited the wrinkling enhanced faceted glass templates to confine anisotropic cross-polarized 
detuned plasmonic nanoantennas showing passive, broadband color routing capabilities. These 
large area metasurfaces exhibit highly directional and wavelength selective properties which are 
widely tunable and not related to complex and/or restrictive collective geometries and 
morphological parameters, greatly relaxing the fabrication demands and related critical issues. 
Since the scattering directivities of the proposed beam splitters are competitive with the figures of 
merit of lithographically patterned nanoantennas, these results can enable large-area, real world 
metasurfaces to be operated as flat optics broadband color routers, with potential impact on a wide 
range of applications from telecom photonics, to optical nanosensing. 
 
I worked on the modification of the hot IBS soda-lime glass nanopatterning process to enable the 
engineering of short aligned Au nanorod arrays. Such functionalized surfaces show polarization-
sensitive broadband plasmonic modes tuned across the Near- and Mid-IR spectral region (2500 
cm-1 - 5000 cm-1), resonant with the so-called functional group window. Under this condition 
superior Surface Enhanced Infra-Red Absorption (SERIA) sensitivity at the monolayer level over 
macroscopic sensor areas was demonstrated, with figures of merit competitive with 
lithographically made antennas. 
 
I demonstrated how the enhanced IBS self-organized rippled soda-lime glass templates can operate 
as large area, subwavelenght, quasi-1D blazed gratings enabling the tunable excitation of 
propagating Surface Plasmon Polariton modes at the interface with thin conductive films (Au and 
Ag) conformally grown on top of them. A rippled Au/soda-lime grating sample showed remarkable 
SERS activity in the detection of methylene blue molecules. I demonstrated how the SERS gain is 
strongly correlated with the electric field enhancement produced by the excitation of counter-
propagating SPP modes by comparing SERS and co-localized micro-extinction measurements.  
Moreover, I obtained interesting preliminary results in the functionalization of the wrinkling-
enhanced IBS rippled templates for plasmonic hot electrons mediated photocatalysis, for the 
guided growth of crystalline PLLA films and other interesting results in numerous external 
collaboration. These results however are not discussed in this thesis as still a work-in-progress. 
